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GEOLOGIE EN MUNBOUW 


CONTRIBUTIONS A LA GEOLOGIE DE LA CORSE!' 


H. A. BROUWER 2 


INTRODUCTION 


Depuis 1947 un groupe de geologues de 
l’Universit€ d’Amsterdam a fait des etudes geolo- 
giques en Corse. Nous avons Etudie des parties 
de la Corse hercynienne, ou Corse profonde, et 
des parties du pays des schistes lustres de la 
Corse orientale, mais les travaux se rapportent 
aussi A une zone intermediaire, que nous de- 
nommerons la zone d’Ecailles intermediaires. Les 
resultats de nos investigations ont fait l’objet 
d’une dizaine de theses 3 et d’un nombre de pu- 
blications sur des sujets divers. 

Au commencement de nos investigations il 
existait une grande diversite d’opinions, princi- 
palement sur la tectonique de la Corse. Sans don- 
ner un apergu historique de toutes les opinions 
exprimees, nous donnerons dans les pages suivan- 
tes un resume sommaire de nos connaissances ac- 
tuelles des regions Etudiees. Nous renvoyons aux 
travaux cites pour les descriptions detaillees et 
pour la bibliographie plus complete. 

Nos observations nous conduisent ä distinguer 
dans les regions Etudiees: 

(1) Zones hercyniennes, 

(2) Zone d’ecailles intermediaires, 

(3) Zone des schistes lustres. 

La zone d’ecailles intermediaires est caracte- 
risee par un developpement important de for- 
mations mesozoiques. Elle est situ&e entre deux 
zones hercyniennes ou entre la zone hercynienne 
occidentale et la zone des schistes lustres (fig. 1). 


ZONES HERCYNIENNES 
General 
La partie hercynienne principale est le mas- 
sif cristallin autochtone de la Corse occidentale. 
Sa partie septentrionale est separee du massif 


1 Conference tenue A !’Assemblee generale de la 
„Koninklijk Nederl. Geologisch Mijnbouwkundig 
Genootschap” le 16 fevrier 1957 & Amsterdam. 

2 Geologisch Instituut, Universiteit van Amster- 


dam. { 
3 Voir les references. 


hercynien du Tenda par la zone d’Ecailles de la 
Balagne. Des granites imbriques qu’on trouve 
localement dans cette derniere region indiquent 
que le socle hercynien ne s’y trouve pas ä une 
grande profondeur. Au N de Ponte Leccia les 
zones hercyniennes du massif occidental et de 
la chaine du Tenda se reunissent, formant la 
bordure meridionale de la zone d’Ecailles du bas- 
sin de la Balagne. Plus au S on retrouve la zone 
d’ecailles avec des roches hercyniennes imbri- 
quees. L’ecaille chevauchante de Santa Lucia, 
avec des roches hercyniennes a sa base, appar- 
tient A cette zone. 

Dans le pays des schistes lustres de la partie 
NE de la Corse les roches granitiques, qu’on y 
a signale, sont en grande partie des gneiss albiti- 
ques alpins. Mais les roches hercyniennes n’y 
font pas entierement defaut; on les connait a I’E 
du bassin de St. Florent et dans le Cap Corse. 

Notre groupe a Etudie plus specialement les 
regions autour et au N du Golfe de Porto dans le 
massif occidental, la bordure orientale de ce 
massif et la chaine du Tenda. Les roches hercy- 
niennes dans la zone d’Ecailles seront mention- 
nees avec les autres roches de cette zone. 


Regions autour et au N du Golfe de Porto 


Dans la region au N du Golfe les roches pa- 
leEozoiques les plus jeunes sont des roches vol- 
caniques acides, en grande partie des tufs cine- 
ritiques soudes, consideres comme dus & des 
eruptions du type nude ardente (Bodenhausen, 
1955, p. 82-94). Elles font partie de l’enorme 
serie volcanique qui s’etend jusqu’au Monte Cinto, 
le plus haut sommet de la Corse. Il semble que 
Vactivite volcanique de la region etudiee a com- 
mence & la fin du Carbonifere superieur et s’est 
poursuivie dans le Permien. La serie volcanique 
acide repose en concordance (fig. 2) sur une 
epaisse serie de laves et tufs andesitiques avec 
a sa base une mince serie A houille d’äge West- 
phalien superieur ou Stephanien. Cette serie repose 
en discordance sur une serie crystallophyllienne 
greso-argileuse, peu metamorphique, avec loca- 
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Fig. 1 — La distribution des zones distinguees dans une partie de la Corse, 
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Fig. 2 — Vue panoramique entre le Monte Senino et Curzo, au N du Golfe de Porto. 
Les nombreux filons qui recoupent les roches ne sont pas indiqu6s. D’aprts J. W. A. Bodenhausen, 


lement des niveaux conglomeratiques, qui con- 
tiennent des galets de granites &tires et de schistes 
injectes, indiquant des venues granitiques plus 
anciennes. 

Plus au N, dans la region de Fango-Argentella, 
une serie de micaschistes plissotes et localement 
injectes est couverte en discordance par une serie, 
qui ressemble A la serie greso-argileuse meta- 
morphisee et qui contient des calcaires viseens. 
Il est donc possible que la serie greso-argileuse 
contient du Carbonifere inferieur (Bodenhau- 
sen, 1955, p. 26-28). 

Les roches granitiques qui occupent une partie 
importante de la region sont plus jeunes que 
cette serie crystallophyllienne, ce qui est prouve 
par des corneennes et des phenomenes d’injection 
ä leur contact. Elles ont pris place entre le Viseen 
et le Stephanien sup£rieur. Localement on trouve 
des transitions & des granodiorites et des diorites 
quartziferes, surtout oü la roche intrusive ren- 
ferme de nombreuses enclaves de corn&ennes. 

Dans la region autour du Golfe de Porto les 
roches granitiques ont une grande Etendue. On 
peut distinguer trois groupes d’intrusions suc- 
cessives: les granites a biotite, les microgranites et 
les granites & riebeckite. Un filon de pegmatite, 
associe au granite A riebeckite contient de la 
tscheffkinite. Dans le granite A biotite, des roches 
gabbrodioritiques et granodioritiques se presen- 
tent A l’etat d’enclaves arrondies ou angulaires. 
D’apres les relations entre les roches de ces encla- 
ves on peut conclure que les roches granodiori- 
tiques sont plus jeunes que les roches gabbro- 
dioritiques (van Tellingen, 1955, p- 107-122). 

De nombreux filons de rhyolite, qui s’alignent 
presque tous dans une direction approximative 
ENE — WSW, recoupent toutes les roches de 
ces regions, A Vexception des filons de diabase, 
qui suivent presque toujours une direction WNW 
— ESE et qui traversent les filons de rhyolite 


(fig. 3). 


Bordure orientale du massif occidental, 


La majeure partie de la bordure orientale con- 
siste en roches granitiques, localement accom- 
pagnees de roches plus basiques. Une serie crys- 
tallophyllienne avec des micaschistes et des 
amphibolites est plus ancienne que les granites. 
On trouve des corneennes pres du contact du 
granite; parfois on rencontre des roches meta- 
morphiques avec injections granitiques et aussi 
des gneiss pal&ozoiques, qu’a plusieurs endroits 
on ne distingue point ou difficilement des gneiss 
albitiques alpins. Il est possible qu’il y ait eu un 
apport alpin dans une partie de ces gneiss pa- 
leozoiques. Des filons de roches basiques et acides 
recoupent les granites et les schistes cristallins. 

Des roches sedimentaires et volcaniques du 


BEE Jisbase 

ES fılon rhyolitique 
aplıte granitique 
EE| microgranite 


1om 
ee ee ar) 


Fig. 3 — Les differences d’äge entre les roches 
exposees & 500 metres environ & ’W de la plage de 
Bussagna au N de Porto. D’apres H. W. v. Tellingen. 
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Carbonifere superieur et du Permien reposent 
sur les roches de la serie crystallophyllienne. 
Toutes ces roches sont recouvertes par une serie 
sedimentaire qui est au moins en partie d’äge 
Nummulitique. Cette serie, qui renferme locale- 
ment des Nummulites, comprend des conglome- 
rats, des breches, des gres, des schistes argilo- 
greseuses, des marnes et des calcaires. 

Dans la bordure orientale du massif occidental 
s’observent des phenomenes de mylonitisation et 
des structures Ecaillees alpines. Au cours de l’oro- 
genese alpine il s’est produit, surtout dans les 
parties Ecaillees, un metamorphisme retrograde 
des roches hercyniennes; la transformation des 
roches contenant du grenat et de la biotite peut 
aboutir A des sericitoschistes & chlorite. Il est d’in- 
teret de mentionner qu’@ environ 3.5 km au SE 
de Corte, ot la nappe des schistes lustres touche 
& la bordure orientale Ecaillee, il s’est developpe 
localement un metamorphisme a glaucophane 
dans des roches considerees d’äge nummulitique 
(Ritsema, 1952, p. 74). 


qu’on trouve en de nombreux endroits, forment 
les chemindes de cette serie. Les filons basiques 
coupent les granites et aussi des filons de rhyolite; 
ils ont te influences par le metamorphisme alpin. 
Des conglome£rats, attribues en partie au Permien 
et en partie au Nummulitique, n’ont qu’une 
extension locale. 

Dans les formations de la chaine du Tenda on 
peut constater en maints endroits l’influence de 
llorogen&se et du metamorphisme alpin. Le gra- 
nite du Tenda s’est transform& en protogine. On 
y trouve des zones mylonitisees et une division 
en eEcailles. Surtout dans l’E, vers la zone de 
charriage de la nappe des schistes lustres, le gra- 
nite a ete transforme en gneiss de quartz-seri- 
cite-albite. En de nombreux endroits on trouve 
des mineraux qui sont caracteristigques pour le 
metamorphisme alpin, tels que les amphiboles et 
pyroxenes sodiques et le stilpnome&lane. 

Pres de la bordure orientale du massif du Ten- 
da on recontre des gneiss de quartz-s£ricite-albite 
dans les schistes lustres. Leur origine n’est pas 
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Fig. 4 — L’£caillement alpin dans les environs du Col de la Vezzo (route de St. Florent A Ile Rousse) dans 
la partie NW de la chaine du Tenda. D’apres J. C. Stam. g = granite du Tenda. s = schistes cristallins. 
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Chaine du Tenda 


Ce massif se compose principalement de gra- 
nite. On trouve aussi des roches plus basiques, 
montrant des transitions graduelles vers le gra- 
nite, et des gabbros dont un large massif se 
trouve dans la partie centrale du Tenda. Les 
schistes cristallins, plus anciens que les granites 
sont de moindre importance. Des corneennes, des 
phenomenes d’injection et de metamorphisme 
retrograde s’observent dans ces schistes. La pre- 
sence de galets de roches granitiques dans des 
conglomerats metamorphises indique l’existence 
de granites plus anciens. 

Une serie volcano-sedimentaire (fig. 4) faible- 
ment m£tamorphique, d’äge Carbonifere supe- 
rieur et/ou Permien, qui repose en discordance 
sur les roches plus anciennes, a une grande &ten- 
due dans la partie NW du Tenda. Il est possible 
que des filons de microgranite et de rhyolite, 


serie volcano-sedimentaire faiblement m&tamorphique. 


toujours claire. Ce sont ou bien des granites 
hercyniens lamin6s et recristallises ou des produits 
de metasomatose des schistes lustres. 


ZONE D’ECAILLES INTERMEDIAIRES 
General 
Sous ce nom nous decrivons la zone de plis, 
d’ecailles et d’ecailles chevauchantes dans laquelle 
le M&sozoique est r&pandu. Comme nous l’avons 


vu la tectonique d’Ecaillement n’est pas restreinte 
a cette zone. 


Partie septentrionale 


Dans la Balagne (fig. 1) des lentilles de gra- 
nite hercynien et des roches volcaniques et se- 
dimentaires du Carbonifere superieur et/ou Per- 
mien, associees A des dolomies et des cargneules 
triasiques, ne se trouvent que localement & l’etat 
de lambeaux. Des calcaires microbröchiques A 
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Echinodermes, qu’on a attribue au Lias et des 
conglome£rats a Elements calcaires et dolomitiques, 
qu’on pourrait attribuer au Dogger ont aussi une 
petite Etendue. Le Tithenique comprend des cal- 
caires qui partiellement contiennent Calpionella 
alpina, des calcaires oolithiques renfermant locale- 
ment Trocholina alpina, des spongolithes, des 
todiolarites et des ardoises. Le Cretace est repre- 
sente principalement par des spongolithes et 
radiolarites noires, des breches polygeniques, des 
gres grossiers et gres calcaires glauconiferes, des 
ardoises, des schistes calciferes et des calcaires. 
Dans les gr&s grossiers et les gres calcaires Ro- 
talipora reicheli, en partie accompagnee de 
Praeglobotruncana delrioensis et Rotalipora 
cushmani, confirment l’äge Cenomanien supe- 
rieur d’une partie de la serie. A la serie, designee 
sous le nom de „Gres de Palasca”, qui se com- 
pose de conglom£rats, arkoses, gres, ardoises et 
calcaires, on attribue un äge Nummulitique en 
admettant pourtant qu’elle puisse comprendre 
des niveaux neocretaces. Cette serie occupe une 
grande surface dans le centre du bassin de la 
Balagne (Bosma, 1956, p. 52-98). 

Les spilites et diabases se trouvent surtout 
dans la partie SE du bassin. Leur epanchement 
a Et€ place pour la majeure partie entre le Dogger 
et Je Tithonique. Il y a aussi des indications qui 
permettent de supposer que leur apparition se soit 
repetee A une Echelle restreinte lors de la sedi- 
mentation ulterieure. Outre les spilites et diabases 
on trouve aussi des gabbros et des serpentinites. 


Partie meridionale 


Plus au S dans la zone d’ecailles les affleure- 
ments de roches pal&ozoiques et ceux du Trias- 
Lias ont une importance beaucoup plus grande. 
On y trouve aussi des schistes lustres. Parmi les 
roches hercyniennes, qui occupent la base de 
lecaille chevauchee de Santa Lucia, on rencontre 
des gneiss A grenat et par places des roches & 
grenat totalement depourvues de quartz. Les ro- 
ches basiques hercyniennes (gabbros et norites) 
jouent un röle plus important que dans la bor- 
dure orientale du massif occidental. Partout le 
granite ä la base de l’Ecaille chevauchee est for- 
tement schisteux et broy& et on peut observer 
que la roche a &te reduite A une poudre fine avec 
quelques grains de quartz et quelle est locale- 
ment recoupee par de minces veinules noires 
(Ritsema, 1952, p. 30-31). 

La serie du Carbonifere superieur et/ou Per- 
mien consiste en arkoses, conglom£rats, schistes 
touges, verts et noirs, et thyolites. Elle est re- 
pandue dans les Ecailles occidentales, surtout dans 
la region de Francardo. Le Trias-Lias consiste 
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Fig. 5 — La distribution des unites tectoniques autour 

de la fen&tre (demi-fenetre) de San Angelo. D’apres 

L. Ritsema (partie m£ridionale) et T. de Booy (partie 

septentrionale). Les limites des unit&s sont en partie 
incertaines. 


principalement en dolomies, cargneules, schistes 
bigarres, calcaires et breches calcaires. On trouve 
aussi des quartzites. On ne connait pas ces deux 
series dans l’ecaille chevauchee de Santa Lucia 
mais on connait le Trias-Lias dans la fenetre 
(demi-fenetre) de roches autochtones ou parau- 
tochtones (fig. 5), exposees au-dessous de cette 
ecaille (de Booy, 1954, p. 35). Dans cette fenetre 
on trouve une serie, qui montre quelques analo- 
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gies avec la serie de la Balagne (de Booy, 1957). 
On y retrouve les calcaires oolithiques a Trocho- 
lina alpina du Jurassique sup£rieur. Cette serie 
est recouverte avec une interruption de la sedi- 
mentation par des conglomerats a Elements cal- 
caites du Cretace moyen ou sup£rieur. Localement 
ces conglomerats passent ä des calcaires marneux 
a Globotruncana. Le Nummulitique, separe du 
Cretac€ par un hiatus, est represente par des 
calcaires et conglomerats A Nummulites et des 
arkoses, gres et ardoises. 

Dans l’ecaille chevauchee de Santa Lucia et les 
autres Ecailles on n’a pas jusqu’ici identifie du 
Mesozoique superieur, associe avec les con- 
glomerats, schistes, gres et calcaires du Num- 
mulitique, qui offrent de grandes differencia- 
tions de facies. En general on peut constater que 
vers l’E les sediments ont Ete deposes a une plus 
grande distance de la cöte. Le metamorphisme 
observ& est generalement tres faible. On observe 
des facies qui se rapprochent beaucoup de celui 
des schistes Justres. Si ces deux facies se trouvent 
cöte A cöte il peut £tre difficile de tracer la 
limite exacte entre des unites tectoniques diffe- 
rentes. 

Les roches basiques considerees comme appar- 
tenant a l’Ecaille chevauchee de Sante Lucia, plus 
jeunes que les roches basiques hercyniennes de 
cette Ecaille, sont des spilites, des diabases (en 
partie schistes verts), des gabbros et localement 
des serpentinites. Elles ressemblent au roches basi- 
ques de la Balagne. 


ZONE DES SCHISTES LUSTRES 
Introduction 


La serie des schistes Justres forme une large 
zone dans la partie NE de la Corse. Notre groupe 
a Eetudie surtout Ja partie occidentale de cette 
zone (fig. 1). Des Etudes plus ou moins detaillees 
ont Ete faites aussi plus A l’E dans la region de 
la Serra di Pigno A !’W de Bastia, dans la region 
du San Petrone au S de Morosaglia et plus 
au S dans la region du Mt al Pruno. On peut 
constater qu’en general il y a une croissance du 
degr€E de metamorphisme du S vers le N et 
aussi de I’'W vers I’E. Pour le metamorphisme & 
glaucophane nous renvoyons aux publications 
consacrees specialement A ce sujet (Brouwer et 
Fgeler, 1951, 1952). 

La serie des schistes lustres comprend des 
schistes Justres proprement dits, des ophiolites 
et localement des radiolarites et des „granites 
alpins”. Quant ä läge de la serie des schistes 
lustres on a considere la possibilite (Stam, 1952, 
p. 49; Ritsema, 1952, p. 57; Netelbeek, 1951, p- 
28), que certains quartzites sont d’äge triasique 


que les radiolarites indiquent un niveau du 
neo - Jurassique et quelle appartient en partie 
a l’Eocene *. 


Schistes lustres proprement dits 

Les schistes “lustres proprement dits forment 
une serie de sediments metamorphiques, qui gE- 
neralement montrent un plissement intensif. Ce 
sont principalement des sericitoschistes plus ou 
moins greseux, des micaschistes, des calcschistes, 
des calcaires, des marbres et des quartzites plus 
ou moins phylliteux. Les caracteres de certaines 
roches de ces alternances, e.g. dans la Serra di 
Pigno, indiquent quelles contenaient A l’origine 
des materiaux tuffogenes; ce sont e.g. des 
schistes & glaucophane et lawsonite en partie gre- 
natiferes et des schistes ä glaucophane et Epi- 
dote, en partie avec de la chlorite et souvent tres 
riches en muscovite. Des roches analogues et des 
alternances de couches, souvent minces, se trou- 
vent aussi dans d’autres regions (Brouwer and 
Fgeler, 1952, p. 9, 23, 28, 61). 

Au contact des ophiolites s’observe localement 
une zone £troite d’albitisation (Netelbeek, 1951, 
p- 63). 


Radiolarites 


Les affleurements principaux de radiolarites 
faiblement metamorphiques dans la serie des 
schistes lustres se trouvent dans la partie meridio- 
nale de la region Etudiee. On les y trouve tou- 
jours en contact avec les ophiolites, atteignant 
localement une £Epaisseur de 40 metres. Elles 
suivent ce contact sur des distances parfois con- 
siderables. On les trouve quelquefois intercalees 
entre les ophiolites. M&me les lentilles de spilite - 
a dimensions tres reduites sont souvent accom- 
pagnees d’un banc de radiolarite, indiquant 
clairement la relation genetique de ces deux 
roches (fig. 6) (Netelbeek, 1951, p. 27; Spijer, 
195550, 38. 


Opbhiolites 
Ce sont des roches du type spilitique-doleriti- 


que, compactes ou finement grenues, des roches 
gabbroides, des serpentinites et localement des 


* Dans une note recente Lapadu-Hargues et 


Maisonneuve (Les relations probables en Corse entre 
le massif granitique et les pretendus „schistes lus- 
tres”, C.R. Ac. des Sc., t. 243, nr. 25, 1956, p- 2107) 
ont assimile des schistes pr&-permiens aux schistes 
lustres. Ils mentionnent les contacts coupes par la 
Restonica pres de Corte oü la carte 1/80.000 donne 
des assimilations erronees. Ritsema (1952) a decrit 
ces contacts et a montr& que les roches metamorphi- 
ques et injectees sont ante-permiennes et n’ont rien 
a voir avec les schistes Justres. 
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Fig. 6 — Carte sch@matique d’une region pres de Vezzani, montrant la distribution des roches de la serie des 


schistes Justres. D’apres S. B. Spijer. 


roches leucocrates, formant des veines ou des 
masses plus grandes (Brouwer and Egeler, 1952, 
p- 34). Nous pensons que ces dernieres roches 
repr&sentent des portions residuelles du magma 
ephiolitique. 

Le degre de recristallisation des ophiolites est 
variable. Dans les regions ol le metamorphisme 
est generalement faible, la structure et les mi- 
neraux magmatiques sont conserves en maintes 
roches. On y trouve aussi des dolerites et des 
spilites plus recristallisees en types souvent riches 
en amphiboles et pyroxenes sodiques (fig. 6). 
En divers endroits on rencontre des gabbros a 
glaucophane. Parmi les roches entierement re- 
cristallisees on peut parfois reconnaitre des 
pseudomorphoses de phenocristaux de feldspath, 
pour la plus grande partie en lawsonite, accom- 
pagnee de muscovite. Que les schistes entierement 
recristallises, dans lesquels les mineraux magma- 
tigques ont disparu et dans lesquels on ne recon- 
nait plus la structure primitive, sont en grande 
partie des roches ignees et des tufs metamorphi- 
ses est indiqu& par un nombre d’analyses chi- 
miques (Brouwer and Egeler, 1952, p. 57) de 
glaucophanites, de crossitites, de schistes a law- 
sonite et amphiboles sodiques et d’un schiste & 
muscovite et pyroxene sodique. 

Une structure en oreiller est parfois bien visi- 
ble dans les spilites. Des agglomerats et des 
tufs se trouvent intercales entre les laves. 


Gneiss albitiques 

Les schistes et ophiolites de la serie des 
schistes lustres ont localement subi les effets d’une 
metasomatose surtout sodique et on trouve toutes 
les transitions entre des roches ne montrant 


aucun signe de cette metasomatose et des va- 
rietes presque completement transformees, qu’on 
a souvent nomme „granites alpins”. Ces roches 
sont surtout des gneiss a albite seule; des roches 
contenant des feldspaths potassiques sont beau- 
coup plus rares. 

Les phenomenes de metasomatose sont souvent 
localises dans la zone de bordure de la nappe des 
schistes Justres, touchant au pays autochtone ou 
parautochtone (fig. 6), ce qui indique une rela- 
tion entre les plans de charriage et l’ascension des 
solutions alcalines. Les phenomenes sont bien 
developpes aussi dans la region de la Serra di 
Pigno, loin de la zone de bordure. Ici on peut 
supposer aussi une influence tectonique, ayant 
rendu certains niveaux plus perme&ables a l’ap- 
port: on peut supposer en outre que dans cette 
region les roches Etaient plus proche d’un front 
de metasomatose. 


CONSIDERATIONS SUR LE METAMORPHISME 


Les roches crystallophylliennes des zones her- 
cyniennes ont subi un me&tamorphisme ancien 
variable et sont en partie affectees par un meta- 
morphisme retrograde et une me&tasomatose sur- 
tout alpine. Le caractere polymetamorphique de 
ces roches suffit ä les distinguer des roches de la 
serie des schistes lustres qui n’ont Et€ affectees 
que par les transformations alpines. Il est toute- 
fois possible qu’il y ait des roches completement 
transformees dans lesquelles on ne peut plus 
reconnaitre les caracteres de roches hercynien- 
nes originelles. Comme nous l’avons vu, les autres 
roches des zones hercyniennes sont aussi af- 
fectees en partie par les transformations alpines. 

L’ectinisation des roches de la serie des schistes 
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lustres est un m&tamorphisme regional d’un degre 
variable. Elle est en grande partie un metamor- 
phisme & glaucophane (Brouwer et Egeler, 1951, 
1952). Dans les interpretations de l’origine des 
toches & glaucophane il est souvent question d’un 
apport sodique mais les analyses chimiques d’un 
nombre de roches & glaucophane de la Corse ne 
rendent pas necessaire de supposer un apport 
pareil. La distribution des roches ä glaucophane 
est regionale et n’est pas limitee a des regions otı 
la metasomatose alcaline est @vidente. On ne 
constate non plus une relation directe entre le 
metamorphisme & glaucophane et les ophiolites, 
desquelles d’ailleurs la majeure partie des roches 
& glaucophane est issue par le metamorphisme 
regional plus jeune que ces ophiolites. Ceci 
n’exclut pas un apport sodique pre-metamorphi- 
que local, observe dans des roches au contact des 
ophiolites. 

Les caracteres des roches Etudiees indiquent 
qu‘ä la surface actuelle les mineraux formes par 
le metamorphisme a glaucophane sont pour la 
plupart anterieurs a la metasomatose (fig. 7). 
On constate aussi que ces mineraux se sont for- 


mouvements tectoniques ont commence avant et 
ont continue pendant et en partie apres (fig. 8) 
des phenomenes metasomatiques, et elles indi- 
quent que le metamorphisme a glaucophane a eu 
lieu avant et en partie en meme temps et m&me 
apres des phenomenes metasomatiques. La for- 
mation des mineraux du metamorphisme & glau- 
cophane a donc continue dans une phase avancee 
des mouvements tectoniques. Le metamorphisme 
retrograde (deformation et chloritisation des 
amphiboles alcalines, alteration de lawsonite en 
chlorite, sericite ou €pidote), observ€ en divers 
endroits dans la serie des schistes lustres, peut 
Etre considere comme accompagnant des mouve- 
ments plus tardifs. 


TECTONIQUE 


La plupart des auteurs qui ont exprime une 
opinion sur la tectonique alpine® de la Corse 
admet que le mouvement d’ensemble des che- 
vauchements est dirige de !’E a I’W. Plusieurs 
auteurs ont suppos€ que la structure est Carac- 
terisee par une succession d’Ecailles et de nappes 
pennines et austro-alpines. L’existence d’elements 
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Fig. 7 — Schistes ä glaucophane dans une phase avancee de transformation metasomatique: apres Pectinisa- 


tion et avant la fin des mouvements tectoniques. 
Structure oeillee (a) et structure & lentilles allongees (b). Cataclase des concentrations d’albite, souvent 
associees A du quartz et de la muscovite, (incolores) et des concentrations de quartz (noires). Mesostase schis- 
teuse, principalement constituee de glaucophane, &pidote et mica blanc. x 5/6. Region de la Serra di Pigno. 
D’apres H. A. Brouwer et C. G. Egeler. 


mes pendant la metasomatose et m&me poste- 
tieure ä elle. Nous ne voulons pas dire que la 
metasomatose sodique n’a pas influence A un 
certain degre la formation des amphiboles et 
pyroxenes sodiques, mais les faits observes ne 
permettent certainement pas de considerer la 
formation de ces mineraux et les phenomenes de 
metasomatose comme deux expressions differen- 
tes du me&me phenom£ne, la metasomatose sodi- 
que. 


Nous renvoyons A la publication (Brouwer et 
Egeler, 1952, p. 66-68) qui traite en detail du 
metamorphisme & glaucophane en Corse. Des 
observations, quoique locales, indiquent que les 


austro-alpins a Et€ revoqu& en doute®. Nos in- 
vestigations ont confirme que dans la zone 
d’ecailles des elements, soi-disant austro-alpins, 
forment le substratum des schistes lustres. La 
pretendue klippe austro-alpine de Sante Lucia 
par exemple forme une unite inferieure A la 
nappe des schistes lustres. Cette unite se compose 
dune £caille chevauchante sous laquelle l’autoch- 
tone ou le parautochtone apparait en fen£tre (fig. 
5). Dans la Balagne, plus au N dans la zone 


5 La tectonique hercynienne est encore peu connue. 

6 Re£union extraordinaire de la Societe geologique 
de France en Corse. Bull. Soc. G&ol. France. (5e ser.), 
t. III, p. 727-763, 1933. 
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d’ecailles, d’auteurs precedents avaient admis 
egalement l’existence d’elements austro-alpins 
mais nous n’avons pas trouve d’arguments en 
faveur de l’existence d’unites qui ne seraient pas 
originaires de la Balagne me&me. 

Un nombre d’auteurs a consider le massif 
hercynien du Tenda comme la base de la nappe 
des schistes lustres, charriee avec elle. Nos obser- 
vations ne s’accordent pas & cette maniere de voir. 
Des laminages, des zones mylonitisees et des 
Ecaillements alpins indiquent que ce massif a 
et€ fortement influence pendant l'orogenese al- 
pine mais n’indiquent pas des charriages d’en- 
vergure. Le plus grand deplacement horizontal 
connu, avec participation du socle hercynien, 
d’apres l'interpretation de la coupe D — E (fig. 
10) s’observe plus au S, dans la zone d’Ecailles. 
Cest lecaille chevauchante en serie normale 
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conglomerats qui se trouvent sur le versant 
oriental du Tenda central (Varenkamp, 1957, p. 
49) lui appartiennent aussi. 

Une plus grande amplitude minimum doit &tre 
attribuee au charriage de la nappe des schistes 
lustres si cette nappe a couvert presqu’entiere- 
ment la zone d’Ecailles meridionale. Plus au N 
ot Ja nappe chevauche le massif du Tenda nous 
n’avons pas trouve des indices qu’elle s’etendait 
beaucoup plus vers !’W que sa limite d’erosion 
actuelle. Plus au S la nappe touche au massif 
autochtone occidental. L’amplitude du charriage 
et les variations de cette amplitude sont diffici- 
les a estimer. Pour la partie meridionale de la 
fig. 1, on a tenu compte de la possibilite qu’en 
direction S l’amplitude du chevauchement dimi- 
nue (Netelbeek, 1951, p. 52). Il faut aussi tenir 
compte de la possibilit@ que des parties faible- 


- 2 R n Der 
Fig. 8 — Plissement post-metasomatique de gneiss albitiques (blanc) et schistes A glaucophane. Des lentilles 
r . . 2 . . . ’ x 

1 Ä s 

de quartz (noir) surtout le long du contact entre gneiss et schistes. Region de la Serra di Pigno. D’apre 


H. A. Brouwer et C. G. Egeler. 


(nappe du deuxieme genre) de Santa Lucia, dont 
le plan de chevauchement est assez fortement 
plisse; Y’amplitude du chevauchement, mesuree le 
long de ce plan plisse, serait au moins 10 kilo- 
metres. Dans l’interpretation qui nous semble 
acceptable la nappe de Santa Lucia se continue 
vers le N dans les environs de Ponte Leccia 
(Brondijk, 1954, p. 92-100) 7 et peut-tre des 


7 M. Brondijk a cru devoir consid£rer les „elements 
structuraux de Ponte Leccia” comme une unite a part, 
qui montre des analogies avec l’extr&mite S du bas- 
sin de la Balagne et d’apres lui il est bien possible 
que ces Elements ont une position analogue a celle 
de Pecaille chevauchee de Santa Lucia. 


ment metamorphiques sont deplac&es plus vers 
l’W que des parties plus metamorphiques. 

Les unites de la coupe A-B-C (fig. 9) ne se 
laissent pas suivre exactement vers le S, mais Ja 
comparaison avec la coupe D-E (fig. 10) indique 
que le serrage augmente et que les plus forts 
retrecissements se trouvent dans la region Ponte 
Leccia — Santa Lucia — Corte (fig. 1), avec 
superposition d’unites, qui sont cöte A cöte plus 
au N. a 

La repartition des ophiolites sur des unites 
tectoniques differentes presente des difficultes. 
Si on accepte, pour des raisons mentionnees dans 
les descriptions detaillees (de Booy, 1954, p. 95, 
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96; Brondijk, 1954, p. 94), la distinction faite 
entre les ophiolites de l’ecaille chevauchee de 
Santa Lucia et celles de la nappe des schistes 
Justres, on ne peut pas toujours tracer la limite 
entre ces deux unites tectoniques avec certitude 
quand leurs ophiolites se touchent. La m&me dif- 
ficulte se presente quand le contact de ces unites 
est entre deux series sedimentaires dont les facies 
se ressemblent, comme le long d’une partie de la 
bordure orientale de l’caille chevauchee de 
Santa Lucia. Ailleurs le long de cette bordure la 
base de la nappe des schistes lustres, comme nous 
lavons trace, est form&e par des ophiolites et 
des radiolarites. 

Il est d’inter&t de mentionner des indications 
de la presence de chevauchements de relief. Au 
NE de Francardo il parait que la region a £te 
exposee A l’erosion avant le charriage de la 
nappe des schistes lustres (de Booy, 1954, p. 99) 
et au NE de Santa Lucia avant le charriage de 
l’ecaille chevauchee de Santa Lucia (Ritsema, 
1952, px 103). 

Le Nummulitique a participe aux mouvements 
intenses de l’orogenese alpine; le Miocene, re- 
posant sur un substratum quelconque, ne mon- 
tre qu’un pendage et une ondulation faibles. 
L’ecaillement par les mouvements de serrage 
tangentiel peut Etre en partie contemporain du 
chevauchement de la nappe des schistes lustres, 
mais si les schistes lustres a !’W de la nappe de 
Santa Lucia appartiennent tous ä cette unite 
tectonique la plus haute de la Corse (Ritsema, 
1952, p. 108) lecaillement a dure apres le che- 
vauchement de cette unite parce qu’on trouve 
des schistes lustres coinces entre les unites tec- 
toniques inferieures. Une tectonique d’Ecaillement 
est aussi bien visible dans la base hercynienne et 
sa couverture au S de Santa Lucia. La coupe D — 
E (fig. 10), plus au N, montre seulement le plis- 
sement de la couverture et du plan de chevauche- 
ment. Dans sa partie meridionale Y’caille che- 
vauchee de Santa Lucia est en apparence plus 
Elevee que la nappe des schistes lustres, ce qui 
est aussi la consequence des plissements et &cail- 
lements ulterieurs, qui ont renverse la succession 
des unites tectoniques. Dans la chaine du Tenda 
on peut observer un Ecaillement de schistes lustres 
avec les roches granitiques du socle (Varenkamp, 
1957, p. 54) et un &caillement semblable peut 


caracteriser aussi le socle et sa couverture dans 
la zone des schistes lustres plus a TUE. 

Nous mentionnons A la fin les sur@levations et 
abaissements des el&ments structuraux, qui sont 
la consequence de nombreuses inflexions axiales 
et failles normales. 

En resume on peut dire que les faits observes 
n’iindiquent pas lexistence de grandes nap- 
pes qui, dans certaines syntheses tectoniques, 
lient la Corse ä des regions beaucoup plus a 
l’E, ä travers la Tyrrhenienne. La Corse est en 
grande partie un pays autochtone et parautoch- 
tone et quoiqu’on puisse faire des suppositions 
diverses par rapport ä la situation du geosynclinal 
des schistes lustres, suivant la representation que 
l’on se fait de la formation d’une chaine geosyn- 
clinale, les faits observes ne fournissent pas ma- 
tiere A supposer une situation fort loin de la 
Corse actuelle. 
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ACCUMULATION OF FINE GRAINED SEDIMENTS IN THE DUTCH WADDEN SEA 


L. M. J. U. VAN STRAATEN ! and PH. H. KUENEN I 


ABSTRACT 


Stimulated by an important paper written by 
Postma (1954) the present authors give a short review 
of the processes which are responsible for the rela- 
tıvely small mean grain size of the sand and the 
relatively high lutite content of the sediments in the 
Dutch tıdal flat sea (Wadden Sea) as compared to 
the material in the source area, viz. the open North 
Sea. These processes are probably also operative, 
to a variable extent, in most other tidal flat envi- 
ronments, in tidal lagoons, in estuaries, etc. 

It is quite likely, moreover, that some cases of 
gradual horizontal change in grain size in ancient 
marine sediments are the result of the activity of 
similar processes in the geological past. Finding in- 
crease of mud content would then mean closer ap- 
proach to the shore, not increase in depths, as is 
usually the case. 
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I. INTRODUCTION 

It is a well known fact that in tidal flat 
areas the sediments, especially those along the 
inner shores, are often remarkably rich in clayey 
material. This is also the case in the Wadden 
Sea, the tidal flat area along the North Sea 
coasts of the Netherlands, Germany and Den- 
mark. Much has been written about the accumu- 
lation of fine grained sediments in this environ- 
ment. Several circumstances appear to be res- 
ponsible, some of them known already for a long 
time, others discovered more recently. In 1954 
Postma published an important study of the 
Dutch Wadden Sea, that has stimulated the pre- 
sent authors to attempt a further analysis of 
these problems. Postma pointed to a process 
which had escaped attention up till then. It is 
based on the settling lag of suspended particles 
and the landward decrease of the velocities of the 
tidal currents. He did not go very deeply into 
this question, however, since it formed no more 
than a secondary aspect of the main problem 
studied. In the present article a somewhat fuller 
treatment of these matters will be given, 
although no attempt at a quantitative analysis 
will be made. 

The authors wish to acknowledge the very 
generous help given by Dr. H. Postma and Dr. 
J. Verwey, who twice read the manuscript cri- 
tically and offered many useful comments. 
Thanks are also due to Dr. R. Dortestein for 
calculating the exact shape of the curves of 
Fig. 14, and to Dr. A. Wiggers for permission 
to publish the maps fig. 4 and 5. 


II. GENERAL RELATIONSHIPS 


1. Source of the Wadden Sea sediments 


A number of authors: Baak (1936), Cromme- 
lin (1940, 1943), Crommelin and Maaskant 
(1940), Favejee (1951), and others, have shown, 
by mineralogical and petrographical analyses, 
that the sand as well as the silt and the clay 
fractions of the sediments in the Dutch Wadden 
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Sea are mainly derived from the North Sea ?. 
The contributions made by fresh water from the 
land, by organisms and by the erosion of older 
beds in deep channels, are of subordinate im- 
portance. Supply from the North Sea is also 
indicated by the abundance, in the tidal flat 
deposits, of spines of Echinocardium cordatum, 
an echinid which lives in the North Sea, but 
which is absent in the Wadden Sea. Van Voort- 
huysen (1950, 1951) found that the same source 
must be assumed for the small, reworked, Cre- 


came to the conclusion that the North Sea is 
also the source of much of the basic organic 
material used by the animals of the Wadden 
Sea. Postma (1954) estimates that the quantities 
of this material, derived from the North Sea, 
are about equal to those produced in the Wadden 
Sea itself. 


2. Main trend of grain size distribution 


The sediments of the Wadden Sea show a 
number of systematic variations according to 


Tidal delta 


Depth contours 
0 — 5 — 10 —20meters 
below low water spring // 


tershed, bo 5 10 


Fig. 1 — Map of the central part of the Dutch Wadden Sea, showing the general relations between barrier 
islands, outer tidal deltas, inlets, main channels, tidal flats and watersheds. The black circle South of Ameland 
marks the locality where the current velocities given in Fig. 10 were measured. 


taceous foraminifera that are present in the 
Wadden Sea sediments. Finally, Verwey (1952) 


?®2 A remark to the authors by Doeglas lead them 
to consider the possibility that an important part of 
the mud in the Wadden Sea has been supplied via 
the former Zuiderzee, by the river IJssel, a distri- 
butary of the Rhine. In this connection it should be 
pointed out that Postma (1954) showed that, since 
the closing off in 1932 of the Zuiderzee only very 
small amounts of clay are brought into the Wadden 
Sea by the water drained through the sluices in the 
enclosing dam. This water is notably poor in sus- 
pended lutite. If the bulk of the Wadden Sea mud 
had really come from the river IJssel, then the ex- 
change between the water of the Wadden Sea and 
that of the North Sea should by now hare resulted 
in a considerable decrease of the clay contents of 
the Wadden Sea deposits, the main source of supply 
having been cut off for a period of already 25 years. 
However, there is no indication whatever for such 
a loss of clay material to the North Sea. Hence, it 
may be assumed that the contributions of the IJssel 
were only of subordinate importance. 


grain size. The main trend of these variations is 
towards a decrease of the mean size of the sand 
and the silt particles, and an increase in clay 
content, from the tidal inlets towards the Wad- 
den Sea shores and towards the watersheds be- 
hind each barrier island, see figs. 1, 4 and 5. 
The coarsest sediments are thus found on the 
bottom of the tidal inlets. They are even dis- 
tinctly coarser than those of the adjoining North 
Sea floor and beaches (Doeglas, 1950, cf. also 
Dechend, 1950 and Hansen, 1951, 1953 for the 
conditions in the German and Danish parts of 
the Wadden Sea). 


3. Relations between grain size and current 
velocities 

It is obvious that the distribution of coarse 

and fine sediments in the Wadden Sea is in- 

fluenced by currents and by waves. The action of 

waves is most strongly felt on the tidal flats. 


In the channels the grain size distribution of the 
sediments is mainly dependent on the current 
velocities. 

Now, it must be realized that in general a 
tidal flat area can originate in different ways. 
It may develop during a relative rise of sea level 
with supply of sediment from outside going on, 
so that it is gradually built up. A quite different 
mode of origin prevails when a tidal basin is 
newly formed in a coastal plain consisting of 
unconsolidated sediments, e.g. by the breaching 
of the coastal barrier. The formation of the Wad- 
den Sea is probably due to the interplay of both 
processes of development. 

(1) If it is assumed that only the first process 
has been operative, i.e. if the complex of tidal 
flat deposits has gradually accumulated during a 
relative rise of the sea, the following reasoning 
may be given to explain the landward decrease 
in average grain size of the sediments. The bot- 
tom currents in the channel environment are 
strongest in the tidal inlets. Inwards they show, 
on the whole, a marked decrease in strength. As 
has been stated above, the sediments of the Wad- 
den Sea are mainly supplied out of the North 
Sea. In the inlets most of the finer elements of 
this North Sea material is winnowed out and 
transported further into the Wadden Sea. Only 
the coarsest size grades are left behind. Going 
inwards from the inlets the maximum grain 
sizes which can be transported by the tidal cur- 
rents are seen to diminish more or less gradually. 
The minimum size grade of the material, left 
uneroded by the passing currents, decreases in 
general at the same time. 

(2) In the case of the second process the re- 
lations between current velocities and grain size 
of the sediments are somewhat different because 
the eroding currents may scour into coarse ma- 
terial of older deposits, e.g. glacial sediments 
with pebbles. Although the final outcome of the 
two modes of origin may be the same, the inter- 
vening stages are different. 

When a coastal barrier is ruptured, e.g. by a 
heavy storm, a channel system will be scoured 
cut, the depths of which will be greatest in 
and near the inlet, and decreasing more or less 
gradually inwards®. The eroded material will 
be party dumped on the landward side by the 
currents of the flood. Another part will be 
carried off by the ebb currents and will accu- 
mulate as a tidal delta in the open sea. During 
the erosion of the sediment the coarser particles 


3 "The phenomenon of the „over-deepened” chan- 
nel sections seaward of the confluences of channels 
(Van Straaten, 1952) will be left out of consideration. 
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are less easily borne away than the finer fractions. 
The coarsest elements will stay behind as a lag 
deposit, which is carried slowly to and fro by 
the alternating currents. With growing depth of 
the inlet more of this lag material is exhumed 
and caught in from the surroundings. The lag 
sediment finally prevents all further vertical 
erosion. The result is that the depth of the in- 
let, although greater than that of the channels 
more landward, is not so great as would be the 
case if there were no lag material. The current 
velocities in the inlet are then, in consequence of 
the relatively smaller cross section, of greater 
magnitude. 

Assuming for the sake of argument that at 
a certain moment equilibrium is attained, then 
in the first case the coarse sediment in the inlets 
is apparently caused by higher current velocities 
than further inwards. In the second case, on the 
other hand, the high current velocities in the 
inlets are party a result of the presence of 
coarse lag sediments, preventing further erosion. 

There remains the question why, in the first 
case, the current velocities are higher in the in- 
lets than further inwards. This is probably, at 
least in part, the effect of the longshore drift 
along the North Sea coasts of the Wadden Sea 
islands (Van Veen, 1936), which tends to dump 
material in the inlets and thus to reduce the 
cross section. 

In reality the situation in the Wadden Sea is 
probably a combination of both cases discussed 
above, with the first of the two predominating. 
It is known that the bulk of the Wadden Sea 
sediments is derived originally from the North 
Sea. On the other hand, tidal inlets migrate 
along the North Sea coast, and with them the 
corresponding channel systems; other inlets are 
closed and new ones formed at different places, 
so that erosion of older materials to depths of a 
few dozen meters is constantly in progress. 
Hence it may be assumed that the effect of the 
increase of bottom current velocities due to coarse 
Jag material plays an additional important part. 
However, some lag material in these areas, e.g. 
mollusc shells, has, in first instance, been supplied 
by the flood currents out of the North Sea. 


III. RELATIONSHIPS FOR MUD 


1. Deposition of mud 

One of the main causes for the difference be- 
tween the relatively high mud content of the 
Wadden Sea deposits as a whole, and the ab- 
sence of mud in the sediments of open sea 
beaches, is that the latter are exposed to the 
action of heavy surf. 
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Nearly all tidal flat areas of the world are 
formed in the shelter of coastal barriers, thrown 
up by waves of the open sea, or in estuaries, or 
behind rocky headlands. Only a few exceptions 
are known where narrow fringes of tidal flats 
occur along the open sea, e.g. on the coast of 
south-western Louisiana (Morgan, Van Lopik 
and Nichols, 1953 ;Van Lopik, 1955) and on 
the Surinam coast in South America (Bakker 
and Lanjouw, 1949). It might be possible # that 
the Surinam flats are due to the very high con- 
tents of suspended matter in the water flowing 
along the open sea coast. It is not unlikely that 
a part of this water comes originally from the 
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enhanced by a number of other circumstances, 
and that the flocculating action of sea water is 
hardly reduced, because the salinity of the water 
is mostly only little smaller than in the open 
sea. One of the influences is the formation of 
larger floccules of organic detritus to which clay 
and silt particles adhere. These flakes which may 
attain a diameter of several millimeters were 
described by Bourcart and Francis Boeuf (1942) 
as occurring in the French estuaries. They are 
also observed in the waters of the Dutch Wad- 
den Sea. 

Brockmann (1935) and Reinhold (1949) have 
drawn attention to the influence of diatoms 
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Fig. 2 — Diagram of Wadden Sea environment. Upper part: section; lower part: map. 


Amazon River. The Louisiana mud flats might 
be connected in the same way with the enormous 
supply of muddy water from the Atchafalaya Ri- 
ver. In this case, moreover, wave action is con- 
siderably reduced owing to the shallowness of 
the forelying shelf (cf. Price, 1954, 19553: 
Yet, it must be borne in mind that, although 
no heavy surf can exist in the Wadden Sea, con- 
siderable wave erosion may still take place 
owing to the relatively small depths. 
It has been realized for a long time, already 
that the deposition of mud in tidal flat areas is 


3 ER 
Personal communication by Dr. J. 1./S, Zonne- 


veld. 


which cause the formation of floccules by me- 
chanical adherence of clay particles to their 
frustules and by the secretion of a binding slime. 

Then there is the effect of suspension-feeding 
organisms like Mytilus edulis and Cardium edule, 
which inhabit the tidal flats in enormous num- 
bers. These animals filter the water, whereby the 
finely divided clay particles are compressed and 
bound together in their intestines as faecal pel- 
lets. Another part is coagulated on their gills 
and pushed back into the water as pseudo-faeces, 
cf. Schwartz (1932), Verwey (1952) and others. 
These faeces and pseudo-faeces are easily de- 
posited, even in comparatively turbulent water. 

Another important feature is that on the tidal 


Mi above the level of mean high tide 
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(fig. 2), much sedimentation of mud takes place 
in consequence of the trapping effect of marsh 
plants. Where a close vegetation of Zostera 
covers the tidal flats, as e.g. in the bay of Ar- 
cachon in southwestern France, the same effect 
is operative below the high tide line (Van 
Straaten, 1954b). 


Another process, described by Francis Boeuf 
(1947) may also be operative in the Wadden 
Sea. This author arrived at the conclusion that 
in the French estuaries much of the mud is de- 
posited during the ebb tide, just before the inter- 
tidal areas run completely dry. When the last 
thin film of water is drawn away from the flats, 
the suspended mud flakes stick to the bottom. 


Mud that has become deposited is preserved 
from immediate erosion, moreover, by several 
other causes (cf. Van Straaten, 1951). There is, 
in the first place, the effect of benthonic dia- 
toms, which work themselves upward through 
newly deposited sediment, because of their need 
of light. By secreting a binding slime they lend 
a considerable coherency to the thin surface 
layers of the mud (Linke, 1939). Furthermore, 
the current velocities required for erosion of a 
mud layer are higher than the velocities at which 
the mud can first be deposited. After the turn 
of the tide, when the currents increase again in 
strength, the erosion of the mud is therefore 
somewhat delayed. At places where, owing to 
migrations of channels or gullies5, their banks 
are rapidiy prograding, the lower part of the 
mud layer will still be unaffected by erosion, 
when new sand is already deposited on top of it. 
In this way an enrichment of the bottom sedi- 
ment in muddy material takes place due to 
burial under new deposits. 


Another part of the fine grained material in 
the Wadden Sea is fixed in the bottom by the 
action of burtowing animals. There is also the 
influence of drying out of the mud during the 
periods of emergence of the flats. On marshes, 
above the level of mean high water (fig. 2), and, 
in other countries with warm and arid climates 
also on tidal flats, this process may play an im- 
portant part. 


5 The term gullies is used in this paper for the 
small incisions in the tidal flats with depths less than 
about 2 meters. Channels are the wide and deep 
incisions separating the tidal flats. The distinction 
between the two is not only based on size, but also 
on other morphological and on hydrological proper- 
ties (cf. Van Straaten, 1949). There are of course 
gradations between typical gullies on the one hand 
and typical channels on the other. 
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2. Erosion of mund 


In spite of all these factors leading to a very 
active sedimentation of mud in the Wadden Sea 
the conclusion can not be drawn that erosion 
of mud is, on the whole, of minor importance. 
Erosion takes place both by the action of waves 
and by currents. The sandy composition of most 
tidal flats, away from the channels and from 
mussel beds, is partly due to the winnowing ac- 
tion of waves. During the ebb stages, moreover, 
large amounts of suspended clay material are 
carried away by the small tidal gullies, which 
dissect the flats. This is especially the case at 
the stage of the ebb tide that the surrounding 
flats emerge and all the flow of the remaining 
water is concentrated in the gullies. The cur- 
rents in the gullies then attain very high velo- 
cities (fig. 9). 

The simplifying assumption may be made that 
during the ebb tide the water level in the major 
channels sinks at a constant rate. At first, when the 
flats are still largely submerged, the cross section 
available for the water flowing off towards the chan- 
nels is relatively great. The water surface above the 
flats is lowered with nearly the same speed as in the 
channels and the current velocities above the flats 
are comparatively small. When, however, the water 
in the channels sinks to about the level of the flats, 
the cross section of the water flowing from the flats 
into the channels is considerably diminished. Less 
water can pass through per unit of time, and an 
increasing time lag between the further drop of the 
water level in the channels and that on the flats 
is the result. This causes a steeper slope of the 
water surface and hence an increase of the current 
velocities. The increase continues until most flats run 
dry and the flow of the remaining water becomes 
cenfined to the gullies. After that a rapid decrease 
of the current velocities takes place, notwithstanding 
the further drop of the water level in the channels. 
This is caused by the diminishing of the head up- 
stream and by the concomitant decrease in water 
depth in the gullies. 

The suspended material carried off by the 
ebb gullies into the channels is not completely 
and immediately lost to the North Sea. In the 
first place, a large volume of water with its 
suspended load remains, at the end of the ebb 
tide, within the tidal sea. Some of this load is 
deposited in the channels, at low water stage and 
may be buried under sand by the later tides, if 
conditions are favourable. Then also, a major 
part is seen to return on the next flood tide to 
the gullies and flats, where it is largely rede- 
posited. The effect of the ebb currents in re- 
moving the eroded material to the North Sea 
is furthermore reduced by the circumstance that 
the erosion of mud beds does not result in first 
instance in the production of finely dispersed 
particles, but to a large extent in the formation 
of smaller and larger lumps and pellets of com- 
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bacted mud. All size gradations are found, from 
mud pebbles, via mud grains of sand size, to 
particles of silt and clay size. Although the ma- 
jority of these particles can be transported in sus- 
pension, they are nevertheless much more easily 
deposited than the finely divided lutite particles, 
freshly supplied by the flood currents out of the 
North Sea. 


These lumps and pellets are only gradually 
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pended matter during ebb and flood tides in the 
tidal inlets. Important data are given by Postma 
(1954). However, such observations can not be 
conclusive. No measurements were done, more- 
over, in the bottom layers of the water and prac- 
tically none during storms. It can hardly be 
doubted that during storms vast amounts of lutite 
escape to the open sea. Even if measurements 
during calm weather indicate a gain of lutite in 
the Wadden Sea, the total annual result might 
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Fig. 3 — Cross sections at right angles to the Dutch coast. The dunes are not according to scale. The dotted 
lines give the base of the Holocene. The bulk of the Holocene in the upper two figures is developed as tidal 
flat sediments. In the lower section the tidal flat facies is restricted to the northwestern part of the Holo- 
cene, the southeastern part being constituted largely of river deposits. 


abraded by the processes of wave turbulence and 
current transportation, whereby finely divided 
clay material is given off into suspension. This 
abrasion is of greater importance on sandy bot- 
toms than on mud flats. 


3. Relation between total amounts of deposi- 
tion and erosion 


From the above it follows that erosion and 
deposition of lutite in the Wadden Sea depend 
on a great many different factors, the average 
effects of which can hardly be evaluated. 


On the base of these factors, it can not be 
decided, therefore, which of the two, deposition 
or erosion, dominates over the other in the pre- 
sent Wadden Sea as a whole. A more direct line 
of approach is to measure the contents of sus- 


be a loss. 

It is clear, of course, from the geological 
structure of the western and northern Nether- 
lands, that for the second part of the Holocene 
period, i.e. for the last 6000 years or more (see 
e.g. Van Straaten, 1954a), deposition of coarse 
and fine material together has on the average 
exceeded erosion in a broad belt of tidal flat 
environments. During this time the whole series 
of tidal flat sediments in the substratum of the 
Wadden Sea itself and in the low Iying western 
parts of the Netherlands, now protected from the 
sea by dunes and dykes, was gradually built up, see 
fig. 3. An important condition for this accumu- 
lation, and one which was responsible for the 
fact that the tidal flat environment was preserved 
during this period, has been the relative rise of 


the sea. The formation of this series of tidal flat 
deposits has not been entirely uninterrupted 
however. Peat layers intercalated in the marine 
deposits show that, at these places at least, ma- 
fine sedimentation has been discontinuous. It 
is known, moreover, that great parts of the pre- 
sent Wadden Sea area were occupied by land in 
the early Middle Ages. In its present extent the 
Wadden Sea is much less than a thousand years 
old. Such changes in the distribution of land and 
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mainland coast during this time. It is true that 
where such gain of land took place it was helped 
by the building of dykes and by other reclamation 
works, but most probably these human efforts 
could not have had the same result if unhampered 
erosion would have dominated over sedimentation. 
On these grounds it may be assumed that there has 
been in the course of the last centuries, a slight 
residual transport of sandy and muddy material 
through the inlets into the Wadden Sea. It seems 
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Fig. 4 — Lutite (<24) contents of sediments in Lauwerszee. Data kindly provided by Dr. A. J. Wiggers, 


Directie Wieringermeer, Kampen. 


sea have probably been accompanied by changes 
in the balance between average marine deposi- 
tion and erosion. This must apply to the mud even 
more strongly than to the sand. Theoretically 
it could be that at the present time the Wadden 
Sea is gradually losing material to the North 
Sea. However, tide gauge readings during the 
last few centuries indicate a moderate rise of the 
sea relative to the land, and instead of a general 
deepening of the Wadden Sea area there has pro- 
bably been, on the average, an advance of the 
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likely that this sedimentation surplus still exists 
at the present day. 


4. Distribution of mud in the Wadden Sea 
sediments 

It has been mentioned that the average grain 
sizes of the sand and the silt fractions in the 
Wadden Sea deposits decrease in general from 
the inlets towards the coasts and the watersheds 
and that the average clay content increases in the 
same directions (figs. 4 and 5). When considered 
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in detail, there are many variations, superposed 
on this general trend. 

One of these variations is connected with the 
rate of vertical accretion. The sediment on the 
banks of gullies and channels is often accumu- 
lated in short periods, while the banks are being 
prograded owing to enlargements or migrations 
of meanders, or as a result of other changes ın 
the hydrography. In consequence of this rapid 
prograding much of the mud, deposited at the 
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enough from erosion by a covering layer of sand. 

A second cause of variations in the mud con- 
tent of the Wadden Sea sediments is related to 
the force with which the winds blow from dif- 
ferent directions. Tidal flats along shores facing 
the Northeast are on the average much richer 
in mud than those along the shores exposed 
to the dominating winds which come from the 
Southwest. The banks of wide and deep channels 
that are exposed to large waves are for the 


Fig. 5 — Lutite (<2u) contents of Wadden Sea sediments south of Schiermonnikoog. Data kindly pro- 


vided by Dr. A. J. Wiggers, Directie Wieringermeer, Kampen. 


turn of the tides, is buried under sand before 
it can be eroded by the subsequent currents of 
the ebb or of the flood. On the tidal flats them- 
selves, outside the influence of migrating gul- 
lies and channels there is a more continuous but 
much slower accumulation of sediment, keeping 
on the average about equal pace with the rela- 
tive rise of sea level. Mud that is deposited on 
the tidal flats during moments of quiet water 
is sooner or later washed away again by waves 
and currents since it is not protected quickly 


Legend: see fig. 4. 


same reason generally very sandy, even though 
they may be rapidiy prograding. Other causes 
of variations in the mud content are: large scale 
production of faecal pellets on mussel beds, oc- 
currence of local areas of quiet water between 
marsh plants or in abandoned channels, etc. 
The main features of the distribution of mud 
in the various environments of the Wadden Sea 
are then as follows. The sediments in the chan- 
nel floors are mostly of rather sandy composi- 
tion, but locally muddy deposits may be present 


owing to quick lateral migration or to deterio- 
ration of a channel. The channel banks and the 
_ low tidal flats are often very muddy. They are 
_ then dissected by numerous small tidal gullies. 
In other cases, on the contrary, they are composed 
of very pure sands, as a result of the winnowing 
action of waves (and currents). Most parts of the 
tidal flats, away from the influence of shifting 
gullies and channels, are rather sandy in con- 
nection with the continuous but very slow pro- 
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ter between the marsh plants. Meanwhile they 
show also distinct trends of variation, the clay 
content normally increasing with the distance 
from the seaward marsh edge and from the marsh 
creeks and with the height above the level of 
mean high tides. 

‚Leaving aside these local variations in the 
distribution of mud in the Wadden Sea sedi- 
ments, it has still to be made clear what causes 
the general average increase in mud contents 
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the southwestern part of the Dutch Wadden Sea, after Postma (1954, Fig. 34). The figures refer to the 
maximum concentrations measured during a tidal cycle. With a few exceptions all observations were made 


on different dates. 


cess of sedimentation. Muddy stretches may occur, 
however, around mussel beds. The composition 
of the tidal flat deposits becomes in most areas 
increasingly muddy towards the high tide line, 
but little or no increase in mud content is found 
on the flats which are exposed to the dominating 
winds. The sediments of the watersheds contain, 
on the average, more mud than those of the 
flats closer to the inlets. Yet, they are still rather 
sandy in consequence of their exposure to wave 
action. The sediments of the tidal marshes, 
above the level of mean high water, are on the 
whole comparatively rich in clayey material, 
owing to the reduction of turbulence in the wa- 


from the inlets towards the shores and the water- 
sheds. In the beginning of this paper it has been 
shown that the over-all decrease in grain size of 
the sand and the silt in the Wadden Sea deposits 
from the inlets inwards can be correlated with 
the decrease of the velocities of the tidal cur- 
rents in the same direction. The sediment is 
mainly supplied out of the North Sea and is 
sorted out in fractions which become finer and 
finer as the strength of the currents diminishes 
inward. This explanation can, however, not be 
applied directly to the gradual increasse in the 
contents of lutite material in the sediments be- 
cause it is carried in suspension even at low ve- 
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locities. The mechanism should lead to a com- 
plete winnowing of the sand and to deposition 
of clay material only in the innermost areas of 
the Wadden Sea. 

Instead of a sharp transition between lutite- 
free deposits in the major part of the Wadden 
Sea and lutite-rich sediments along the inner 
shores, a gradual increase of the clay contents is 
found. This is the result of other factors. 

A first factor is the distribution of suspension- 
feeding molluscs like Cardium edule and Mytilus 
edulis which, by comptessing the suspended ma- 
terial into faecal pellets allow the clay to be 
deposited in places where otherwise no sedimen- 
tation of such fine substances could take place. 
These molluscs occur in subordinate quantities 
in the channels, but have their optimum distri- 
bution on the tidal flats, that is, in consequence 
ot the distribution of these flats, on the average 
in more inward parts of the Wadden Sea. 


Another factor is the distribution of benthonic 
diatoms, which prevent newly deposited mud 
from being immediately eroded by their secre- 
tion of slime. These organisms are also most 
abundant on the tidal flats. 


Large plants, between which the turbulence of 
the water is reduced so that finely divided sus- 
pension material settles to the bottom, are chiefly 
restricted to the tidal marshes and help to cause 
the even greater concentration there. 


A third and probably minor factor, causing the 
preferred accumulation of mud on the inner- 
most, shallowest parts of the Wadden Sea is the 
formation of floating sediment. The water inun- 
dating the tidal flats on the flood tide is usually 
seen to advance with a more or less broad front 
of foam. This foam may be formed by the 
splashing of waves, or by the escape of air 
bubbles out of the sediment as it becomes sa- 
turated with water. Small clay flakes and particles 
of silt and sand adhere to the foam. It is 
further enriched with sedimentary material by 
large flakes of mud, held together by slime of 
diatom origin, which are lifted from sloping 
bottoms by the slowly rising flood water. A part 
of these floating substances drops to the bottom 
during the later stages of the tide, but a con- 
siderable portion is transported, on the surface 
of the water, all the way to the high tide line, 
where it is deposited as swash-material. 


Meanwhile, with all the processes mentioned 
above, the problem of the concentration of fine 
grained material in the Wadden Sea and espe- 
cially in its inner parts, is not yet satisfactorily 
explained. One has to take into account also the 
distribution of suspended mud in the water of 


che Wadden Sea and the exchange of water be- 
tween the Wadden Sea and the North Sea. Con- 
sideration of these factors shows that still other 
processes of great significance must be operative 
in accumulating the mud in the tidal flat area. 


5, Distribution of suspended matter 


The concentration of suspended matter in the 
Wadden Sea water varies widely and changes in 
general with the stage of the tidal cycle and the 
strength of the tides, with the size of the waves 
during and shortly before the time of observa- 
tion, with the height above the bottom, and 
finally with the locality. Under otherwise equal 
conditions an over-all increase in the contents of 
suspended material is normally observed as one 
goes from the tidal inlets inwards. This is not 
only the case during, or shortly after the times of 
maximum current velocities, when the concen- 
trations of suspended matter reach their highest 
values, but also during or shortly after the mo- 
ments of slack water, when the concentrations 
are minimum. The difference between the con- 
tents of suspended material in the inlets and those 
in the inner parts of the Wadden Sea, is, how- 
ever, much greater in the case of the maximum 
values at the turn of the tides. Exact figures are 
given by Postma (1954), see Fig. 6. Similar re- 
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Fig. 7 — Average contents of suspended matter 
(mg/L), measured during the successive stages of the 
tides on June 25, 1938, at different places in the 
Ba part of the Danish Wadden Sea, after Gry 


sults were obtained by Gry (1942) in the Danish 
_ Wadden Sea, see fig. 7. 


A gradient of the contents of suspended mat- 
ter in the Wadden Sea from the inlets towards 
the inner shores would theoretically be possible 
it the water masses could move to and fro with 
the tides without any mixing, or without any 
exchange of relatively clear North Sea water 
with more turbid Wadden Sea water. Now Post- 
ma has shown that there is a considerable rate 
of exchange between the waters of the Wadden 
Sea and the North Sea. He observed that under 
normal conditions the fresh water entering the 
southwestern Dutch Wadden Sea from the IJssel 
Lake through the sluices in the enclosing dam is 
quickly exchanged by the tidal currents with 
the water of the open sea. It appears that in the 
scuthwestern part of the Wadden Sea an average 
quantity of 8% of the total amount of fresh 
water, present in the area, is transported to the 
North Sea with every tide. Even higher rates 
of exchange must be found for the fresh water 
that is let out in the more eastern, narrower parts 
of the Wadden Sea. The same rapid dissipation 
would occur if a solution were introduced into 
the tidal sea. The question therefore is, accord- 
ing to Postma, why the above mentioned gradient 
in the amounts of suspended materials does not 
result in a similar exchange and thereby in loss 
to the North Sea. Postma points out that if sus- 
pensions could be compared to solutions, this 
gradient should cause a gradual loss of silt and 
clay to the open sea, until the concentrations of 
suspended matter in the Wadden Sea would 
everywhere be equal to that in the North Sea. 
The effect should be augmented by the supply 
of fresh water drained from the land and es- 
pecially from the IJssel Lake, which must tend 
to flush out the Wadden Sea. This follows from 
Postma’s measurements, which show that the 
average amount of suspended matter in the fresh 
water is less than the average for the Wadden 
Sea. 


The same author goes on to point out that of 
such a decrease of the gradient nothing is ob- 
served. This means that the gradient is maintain- 
ed by a more or less continuous supply of lutite. 
This supply can not come from rivers debouch- 
ing in the Wadden Sea, because their total 
discharge is much too small. Neither can the 
IJssel Lake be the source, since this water is 
poorer in suspended matter than the waters of 
the Wadden Sea themselves. Moreover, it has 
been mentioned above that the mineralogical 
composition of the Wadden mud points to the 
North Sea as the chief original source. 
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Another possibility is that the suspended mud 
is being supplied, at the present time, by ero- 
sion from older mud deposits on the floor of 
the Wadden Sea itself and from the surrounding 
marsh deposits. There is, however, no indica- 
tion for such a systematic loss of mud from the 
Dutch Wadden Sea area. On the contrary, it may 
be added to this reasoning that the not un- 
satisfactory results of the reclamation works 
point rather to the opposite situation. 


Finally Postma is of the opinion that estuarine 
circulation can neither be responsible for the 
accumulation of mud in the Wadden Sea. This 
type of circulation consists of a simultaneous 
outflow of fresh or brackish water at the surface 
and an inflow of heavier, salt water along the 
bottom. Mud that is carried inward by the salt 
water could become deposited where this current 
slacks off sufficiently. However, Postma states 
that, with the exception of the immediate vi- 
cinity of the sluices in the IJssel Lake dam, no 
such circulation exists in the Wadden Sea. 


It will be clear that the observed gradient can 
neither be explained by the production of clay 
pellets by molluscs like Cardium edule or My- 
iilus edulis, or by other agencies which enhance 
the deposition of mud in the Wadden Sea. If 
it is supposed that an inland tidal sea is newly 
formed, the bottom of which is in the beginning 
exclusively composed of sand, and if molluscs 
are introduced in such an environment, then the 
extraction of clay from the tidal waters by these 
animals must cause a gradual enrichment of clay 
in the bottom sediments. The waters themselves 
will, however, show at first, a decrease in the 
contents of suspended matter from the inlets 
inwards, owing to this deposition of clay. Erosion 
of these deposits will soon yield a certain amount 
of resuspended clay in the tidal waters. This 
amount will gradually increase, but the increase 
can not go on indefinitely. Sooner or later 
equilibrium will be attained between deposition 
and erosion. The quantities of suspended material 
carried off to the open sea by ebb currents will 
then be equal to the amount brought in by the 
flood. When this stage has been attained there 
can be no difference between the contents of 
suspended matter in the open sea and those in 
the tidal sea. Temporarily, e.g. during storms, 
the concentrations in the tidal sea might become 
higher than in the open sea. The equilibrium 


would then be disturbed, and clay would be lost 


from the tidal area. This loss must then neces- 
sarily lead to the re-establishing of a gradient of 
the contents of suspended matter, inclined 
towards the land, that is, to lower contents in 
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the inland sea than in the open sea. In reality, 
however, the gradient in the Wadden Sea is 
always inclined in the other direction, towards 
the open sea, during storms as well as during the 
subsequent periods of quiet water conditions. 


The only remaining possibility to explain the 
observed gradient is, as Postma showed, that it is 
maintained by a supply of lutite out of the North 
Sea. Hence, influences must exist which concen- 
trate lutite against the gradient itself. These in- 
fluences must act upon the material carried in 
suspension in the Wadden Sea waters. In the 
opinion of the present writers they must, further- 
more, be operative all the time, since during the 
occasional storms great quantities of fine grained 
sediment are churned up by the waves. The 
gradient of suspended matter becomes then tem- 
porarily so steep that it can hardiy be doubted 
that the counteracting processes are unable to 
prevent a loss of mud towards the North Sea. 
It is true that during storms from westerly to 
northerly directions the water in the Wadden 
Sea rises often to exceptional heights, with the 
result that large areas of the surrounding marsh 
lands become inundated, whereby a certain 
amount of suspended mud is trapped by the 
halophyte vegetation in these areas. Yet, this 
gain of deposited mud can not balance the large 
quantities which, one must infer, are carried 
away during ebb tide through the inlets, es- 
pecially through those not directly facing the 
wind. 


It is clear, as Postma emphasized, that these 
counteracting influences which maintain the 
gradient of suspended material must be con- 
nected with some property in wbich suspensions 
differ from solutions, because it is seen that the 
fresh water from the IJssel Lake, which may be 
considered as a negative solution, does become 
carried off to the North Sea by the exchange of 
waters. The chief difference between suspensions 
and solutions is that the suspended particles 
settle to the bottom when the turbulence of the 
water decreases below certain values, whereas 
in a solution the dissolved matter does not sink. 
The circumstance that a considerable portion of 
the fine grained material in the Wadden Sea. is 
alternately suspended in the water and Iying as 
sediment on the bottom renders the movements 
of this material subject to the influence of two 
“ factors, which are referred to in the following 
as „settling iag” (viz. of suspended particles) and 
„scour }ag” (viz. of deposited material) 6. 


The accumulation of mud in the interior of 
the Wadden Sea against the gradient in concen- 
tration of suspended matter which should cause 


a.loss, is due to the influence of these two factors 
in combination with the inward decrease in ave- 
rage current velocities, from the inlets towards 
the shores and the watersheds, and in combina- 
tion with the decrease of the average depths in 
the same directions. The effect of the settling lag 
phenomenon in combination with these other 
factors on the transportation of sediment will be 
called „settling lag effect”. Likewise, the term 
„scour lag effect” will be used for the concen- 
tration of mud due to the operation of the scour 
lag phenomenon in combination with the inward 
decrease in average current velocities and in 
average depths. 


IV. LAG EFFECTS 
1. Settling lag effect: Introduction 


The term settling lag is used in this paper 
for the phenomenon that there is a time lag 
between the moment at which a current of de- 
creasing velocity is no longer able to hold its 
sedimentary material in suspension and the mo- 
ment at which this material reaches the bottom. 
The idea of connecting this phenomenon with 
the inward concentration of fine grained material 
in the Wadden Sea is due to Postma (1954). He 
offered the following explanation. Because of 
this lag phenomenon the material is carried 
along some distance beyond the point where it 
starts to sink. For the flood current this means 
that towards the time of high water a certain 
amount of sediment is deposited, so to speak, 


% As pointed out by Hoeksema in a personal com- 
munication to the authors another possibility could 
be that the inward concentration of mud in the 
Wadden Sea is due to a difference in the velocities 
of the flood and the ebb currents. Hoeksema sug- 
gested that, during the flood tide, when the water 
in the channels rises above the level of the banks and 
starts to flow over the adjoining tidal flats, greater 
current velocities occur above these flats than are 
attained during the subsequent ebb tide. Not only 
would this slower ebb current have a lower compe- 
tency, but this current would continue to flow until 
a relatively later stage than the more powerful 
flood current. The later water masses running off 
the flat would thus take up, with their sedimentary 
load, a more landward position with respect to the 
whole mass of ebb water, than they held on the 
flood current. As a result of these two effects there 
would be, according to Hoeksema, a residual inward 
movement of the mud. However, there are as yet 
too few data to support this point of view. During 
his observations in the field, the first author of the 
present paper did indeed find a few cases where the 
flood currents on the tidal flats close to the channels 
reached higher velocities than the ebb currents. But 
in other cases the opposite situation was found. In 
the following it is assumed that, on the average, the 
ebb currents are at each place of equal strength as 
the flood currents. 


too far in the direction of the shores and the 
watersheds. Since the average velocity of the tidal 
currents decreases in the same direction, it fol- 
lows that at the place where the material finally 
teaches the bottom, the ebb currents, available 
for erosion after the turn of the tide, are weaker 
than at the point where it would have dropped 
if there were no time required to settle out. The 
tesult is that a part of the mud is deposited, at 
the end of the flood tide, in places where the 
subsequent ebb current is not able to carry it 
back. This process would lead to an increased 
sedimentation of mud in the inner parts of the 
Wadden Sea, which in turn would cause the 
higher contents of suspended matter that are 
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which did not enter the Wadden Sea, i.e. the 
gradient of the contents of suspended matter 
should be inclined in the other direction than 
what is actually found. Accumulation of mud 
in the bottom of the interior of the Wadden Sea 
can not lead to a reversal of this gradient, even 
if the process goes on indefinitely. 


In reality, the primary factor is the shifting of 
suspended lutite in the Wadden Sea water from 
the inlets towards the interior. This is partly 
the result, as will be shown in the following 
pages, of the operation of the settling lag pheno- 
menon and partly of other phenomena with the 
same effect. In consequence, relatively thick 
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found in the water in the same areas. 

Now this explanation is not quite sufficient ”. 
No clear distinction is made between cause and 
effect in the relations between the inward con- 
centration of suspended mud and that of de- 
posited mud in the Wadden Sea. According to 
Postma the concentration of suspended matter in 
the interior of the Wadden Sea would be due to 
the increased sedimentation of mud in these 
parts. However, such a mechanism does not ex- 
plain the gradient of suspended matter any more 
than e.g. the production of clay pellets by 
suspension feeding molluscs (see above). For, 
if at the end of the flood tide more mud is de- 
posited than can be eroded again by the follow- 
ing ebb currents, then the returning water will 
necessarily carry a somewhat lower amount of 
suspended material. On the average the water in 
the Wadden Sea should then be poorer in sus- 
pended matter than the water in the North Sea, 


7 The relating passages in Postma’s paper leave 
some doubt as to his exact meaning. In personal 
cemmunications he gave a more detailed explanation 
of his views. 


layers of mud can be deposited at the turn of 
the tides, in the inner parts of the Wadden Sea. 
A part of this mud is fixed in the bottom by the 
processes described in the preceding sections. 
This is not the only way in which the sediments 
of the interior of the Wadden Sea become richer 
in lutite than those in the outer areas. Other 
factors are the distribution of clay pellet pro- 
ducing molluscs, of marsh plants that enhance 
the deposition of mud, etc. As a secondary result 
of the inward increase in lutite content of the 
bottom deposits a further inward increase in 
the quantities of suspended mud in the Wadden 
Sea waters is brought about, see fig. 8. As soon 
as the primary inward shifting of suspended 
lutite, due to the lag phenomena would be 
stopped, however, the existing gradient of sus- 
pended mud would gradually diminish to zero 
by removal of lutite to the open sea, while the 
differences in clay content of the bottom sedi- 
ments between the inner parts of the Wadden 
Sea and the open sea would diminish significantly 
at the same time. 

Another respect in which the explanation off- 
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ered by Postma is not complete is that he tried 
to account for the erosion and deposition of 
sedimentary material in the Wadden Sea in terms 
of capacity and load, and that he did not pay 
sufficient attention to the effects of compe- 
tency and grain size. Thus he claimed that the 
load begins to diminish as soon as the velocity 
starts to decrease, in consequence of overloading, 
and also that it is lack of time which may prevent 
a current from eroding all the material deposited 
before it started to flow. It is true that the 
capacity of the tidal currents, i.e. the maximum 
amount (load) of material that they can carry, 
may be of some significance for that part of 
the sediment that is transported by rolling and 
sliding over the bottom and by saltation. It is 
most unlikely, however, that the transportation 


ed even if relatively thick layers of sand are 
reworked. 

(3) During storms the capacities of the cur- 
rents in the channels does not differ greatly 
from those in periods of calm weather, but the 
strongly increased supply of suspended mud, 
churned up by the waves on the flats, is easily 
taken up and transported. 

(4) Notwithstanding the inward decrease of 
the current velocities and the resulting decrease 
of the capacities, an increase of the contents of 
suspended material is found. This again shows 
that the currents can not be loaded to capacity. 
There is no reason even to assume that the inner- 
most water masses, flowing with the smallest 
velocities, are saturated. Hence, the undersatura- 
tion of the water masses in the central and outer 
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Fig. 9 — Current sequence in ebb gully, South of Nes, Ameland, on August 6, 1948. E-E: directions of 
current relatively to direction of gully. This latter was transverse to the average direction of the coast in 
the North, as well as to that of the nearest major channel in the South. I and II: maxima of current velo- 
cities during submergence of flats; III and IV: maxima of current velociteis in gully during emergence of 


the flats. 


ot suspended material is controlled by capacity. 
A number of arguments can be given in support 
0° the contention that the currents are always 
strongly undercharged with suspended matter. 


(1) Many rivers, flowing with approximately 
the same velocities as the tidal currents in the 
Wadden Sea at the moments of their maximum, 
carry loads that are much higher (probably even 
hundreds of times) than the maximum loads 


which are observed in the Wadden Sea under 
normal conditions. 


(2) The quantities of lutite in the bottom ma- 
terial in the Wadden Sea, at least in its outer 
parts, are on the average so small that the tidal 
streams flowing over it can not become saturat- 


parts of the Wadden Sea must be all the greater. 
Although therefore capacity can not play a sig- 
nificant part in the transportation of fine ma- 
terial in the Wadden Sea, this may not lead to 
the conclusion that the quantities of suspended 
sediment depend on competency alone. Where 
faster flowing currents in this environment carry 
greater loads than slower streams, this is not 
simply due to the increased range of grain size 
fractions which are transported. Several other 
factors are involved, for example the grain size 
composition of the bottom sediment and the 
thickness of the bottom layer that is affected by 
erosion. When the water starts to flow with 
greater speed over a sand bottom, then the cur- 
rent ripples which are formed become larger and 


higher. The increase in height is the result of 
both a stronger upward growth of the ripple 
crests and of a deeper scour in the troughs. 
Hence a thicker layer of sand is winnowed at 
higher current velocities. Increased current velo- 
cities over muddy bottoms cause deeper scour 
by eddies behind various elevations of the sedi- 
ment surface and behind objects lying on the 
bottom, such as shells, algae and heaps of ex- 
crements of bottom dwelling organisms. More- 
Gver, it appeared from experiments carried out 
by the first author of this paper that the surface 
of completely smooth, but still comparatively soft 
mud deposits starts to undulate when currents of 
a certain strength pass over it. These waves (so- 
called Helmholtz waves) move slowly down- 
stream, whereby the crests may become eroded, 
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approach will be followed than has been custo- 
mary up to the present. Instead of analysing the 
successive happenings at fixed points, the se- 
quence of conditions in a given mass of water 
will be followed as it moves back and forth 
under influence of the tides. This method, al- 
teady employed to a certain extent by Postma, 
leads to a marked simplification and allows a 
fuller understanding of the processes involving 
transport in suspension. 

By way of example attention can be drawn 
to the fact that although the maximum current 
velocity during the flood at a given spot occurs 
at about half tide, the incoming water itself has 
already started to slow down at an earlier mo- 
ment. Likewise, during the ebb, the water mas- 
ses will continue to gain velocity for some time 
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Fig. 10 — Depth, current velocities at surface and contents of suspended matter (mg/L) on side of tidal 
channel, South of Ameland (see fig. 1), September 8, 1948. 


giving off small clouds of suspended matter. 

All these phenomena lead to an addition to the 
load as the velocity of the current augments. 

From the above it follows that the manner 
in which the hypothesis was presented by Postma 
is not quite satisfactory. This does not diminish, 
however, the value of his idea. If proper account 
is taken of the influence of competency, Postma’s 
principle can be used successfully for providing 
an explanation of the inward concentration of 
lutite material in the Wadden Sea. 


2. Detailed treatment of the setting lag effect 

The numerous past attempts at understanding 
the processes of transport and accumulation, es- 
pecially of the mud, in the Wadden Sea and si- 
milar environments have not been very success- 
ful because of the complexity of the relations. In 
the following treatment a somewhat different 


after each point of the bottom has experienced 
its most powerful current. Another example is 
that at a given locality the passing water may be 
becoming more and more clear although erosion 
ot the bottom is in progress. Such apparently 
complicated relationships are readily understood 
when the observer travels, in mind, in and out 
with the water. 

For a better understanding of what is meant 
the reader is referred to the diagrams of fig. 14. 
These diagrams show the velocities with which 
the different water masses and the suspended 
particles move with the tides over each point of 
the projection of their paths along a section 
through the Wadden Sea between the inlet (left) 
and the inner shore or the watershed (right). 
The diagrams apply, of course, only to idealized, 
average conditions. The velocities of separate 
mud particles or water units vary enormously as 
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Fig. 11 — Surface velocities on side of tidal channel, South of Ameland (September 8, 1948), ‚compared 
with a sinus curve. It is thought that the latter gives a good approximation of the average conditions in the 
various parts of the Wadden Sea. During the observations of September 8, 1948, there was only little wind. 


a result of the turbulence. The construction of 
the curves of fig. 14 is furthermore based on the 
following simplifying assumptions: (a) that the 
current velocities at each separate point in the 
Wadden Sea vary with time as a sinus function, 
(b) that the tidal motion in the Wadden Sea can 
be compared to a standing wave motion, in other 
words that at each moment the stages of the 
tide are equal for all points in the whole area ®, 
and (c) that the current velocities at each stage 
of the tide decrease from point to point in direct, 
linear proportion to the distance from the inlet. 
In reality all these assumptions are only rough 
approximations (see figs. 11, 12 and 13), but 
the difference between the simplified curves and 
the real ones can hardly be large enough to yield 
essentially different results with regard to the 
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Fig. 12 — Average times of high water in the Dutch 
Wadden Sea (measured in relation to the passing of 
the moon through the meridian on a day of full 
moon). It is seen that, in the narrow parts of the 
Wadden Sea, the times of high water do not vary 
significantly for different points in areas enclosed be- 
tween adjacent watersheds (dotted lines). 


8 "This assumption implies also that the slack water 


stages coincide always with the moments of high 
tide and of low tide. 


relation between the movements of the water 
and those of the lutite material. 

Then also, it must be mentioned that the 
curves of fig. 14 apply only to an environment 
where there is no variation in current velocities 
along the vertical, or in other words, that at each 
separate moment and at each separate place the 
velocities are equal at all depths. This last con- 
dition is not even approximately realized in the 
Wadden Sea. It is generally known that the 
velocities increase considerably from the bottom 
upwards, especially in the water layers close to 
the bottom. The complications due to this vertical 
variation in velocities will be referred to later. 

Finally, abstraction has been made in the dia- 
grams of fig. 14 from the phenomenon of scour 
lag (see later), i.e. it has been assumed that the 
velocities required for eroding bottom material 
are equal to those at which sedimentation of the 
same material, suspended in water, begins. 

The diagrams of fig. 14 illustrate clearly two 
important circumstances in the hydrography of 
the Wadden Sea, which are due to the general 
seaward increase of the velocities of the tidal 
currents. As a result of this increase the curves 
are asymmetrical and furthermore a water par- 
ticle which, during the slack water stage of high 
tide is lying only a relatively short distance sea- 
ward from another water particle (C-D in fig. 
14B), will be separated, at the end of the follow- 
ing ebb tide, during the slack water stage of the 
low tide, by a much greater distance from this 
other particle (A-B in fig. 14B). 


Now let it be supposed in fig. 14A that, in 
the beginning of the flood tide, a lutite particle 


lying on the bottom is taken into suspension 
when the current velocities rise above a critical 
value, equal to the vertical 1—2. It will be car- 
tied inwards by the water of curve c, until, 
towards the end of the flood, the currents have 
diminished again so far that the particle starts 
settling to the bottom: at point F. Owing to the 
settling lag it does not reach the bottom imme- 
diately, but is carried still further inwards, until 
it is finally deposited at point 59%. At this point 
there is no current available with sufficient 
strength to raise the particle (6 lies above the 
tangent p of the curves Cı, Ca, etc.) The settling 
lag effect is than called „final”. The finality is 
only partial, however. It does not mean that 
mud particles which have become deposited in 
this manner can never be dislodged again. The 
tangent p in fig. 14 has no fixed angle above the 
horizontal, but varies with the strength of the 
tide. During spring tides, when the currents 
are, on the average, swifter than during neap 
tides, the tangent lies much steeper. After wes- 


9 Many particles reach the bottom already before 


the current velocities have decreased to these values. 
They are then immediately raised again, however. 
In practice one may say therefore that all material 
continues its journey without interruption until the 
eritical velocities for deposition are attained. In the 
above reasoning and in the following analysis of 
these problems no account has been taken of the ef- 
fects of bottom traction. The particles are imagined 
te remain stationary until raised in suspension, and 
the assumption is made that, when they are dropped 
te the bottom towards the turn of the tide, they come 
to a sudden standstill. Actually, some of the sus- 
pended particles, especially the finest sand grains, 
start by moving as bottom load, by traction (rolling, 
sliding and saltation) before being taken up in sus- 
pension, and they continue to move in this manner 
after they have dropped from suspension. As the dis- 
tances travelled in the slower process of traction are 
in general comparatively small, the result is apparent- 
ly about the same as if the settling lag had been 
somewhat larger. It is assumed that ignoring this 
complication does not impair the value of the ob- 
tained conclusions. 


345 


terly storms, when the water level has been 
raised above normal by the wind, the ebb cur- 
rents have also considerably greater velocities. 
Only if particles have been deposited beyond the 
points where they can be resuspended by the 
strongest ebb currents that occur during the 
whole existence of the Wadden Sea, a final po- 
sition would be attained, at least if no other 
factors were involved. 

However, there are two circumstances which 
have as a result that there can never be a 
truly final position. The first is that wave tur- 
bulence can always raise the material above the 
bottom, so that it can be displaced horizontally 
even by the weakest currents. This applies to 
mud as well as to sand. The other circumstance 
affects only muddy material. It has been pointed 
out already that practically all mud in the Wad- 
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Fig. 14 — Settling lag effect. Diagrams showing 
the velocities (v) with which different water masses 
move with the tides at each point along a section 
through the Wadden Sea from somewhere in the di- 
rection of the inlet (left) to the shore or towards the 
watersheds (right). The curves apply only to idea- 
lized, average conditions. Scour lag is supposed to be 
zero. 

A. „Final” settling lag effect. A sediment particle, 
taken into suspension at point 1 by a flood current 
of increasing velocity, starts to settle towards the 
bottom at point F, when the current velocity drops 
again below the value attained at point 1. In con- 
sequence of the settling lag the particle reaches the 
bottom later, at point 5, when the current velocity 
has meanwhile diminished to the value represented 


= by the vertical 4-5. At this point it can not be 
our dislodged any more by the subsequent ebb flow be- 
cause of the inward decrease of the average veloci- 

) >=? ties of the tidal currents. 
x B. ,„General” settling lag effect, for particles that 
.—, are resuspended by the ebb currents. A particle ta- 
0 DZ ken into suspension by the flood current is taken in- 
./ wards and is deposited at point 5, in the manner 
explained under A. After the turn of the tide it 
0 can not be eroded by the same mass of water, be- 
e cause this attains the required velocity only later, 
North Sea Inlet Wadden Sea when it has reached a point situated more towards the 


inlet. The sediment particle is therefore eroded by a 
nıore landward mass of water (curve c2) and taken 
along in the direction of point B. At E it starts to 
drop out of suspension. It reaches the bottom at 
point 9. During one tidal cycle the particle has there- 
fore shifted from point 1 to point 9. The next cycle 
is started on the curve ca. 
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Fig. 13 — Average maximum current velocities (sur- 
face) along a section from the North Sea ‚through 
the „Vlie” into the tidal flat area. The Vlie is the 
tidal inlet West of the island Terschelling (see fig. 
1). Data from Stroomatlas Nederlandse Kust. 
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den Sea is coagulated, both by electrochemical 
flocculation and by the effects of diatoms, sus- 
pension feeding molluscs, compaction of mud 
layers, etc. As pointed out on an earlier page 
these coagulated particles are constantly being 
fragmented and worn down to smaller elements 
by the action of waves and currents and by 
biological activities. The resulting clay can be 
carried away by the weakest of currents. 

Meanwhile, it will be obvious that, also under 
the average and idealized conditions assumed in 
fig. 14, the final settling lag effect is only a 
special case, as for most of the particles point 6 
will lie below p (see fig. 14 B). This means 
that, if the particle is not too large, it will be 
taken up again by the next ebb current. The 
critical velocity for erosion is, however, not 
attained before a different mass of water, coming 
from further inward, viz. that of curve co, pas- 
ses over it. At the end of the ebb tide the 
particle starts to drop out at point E, but reaches 
the bottom further seaward at point 9. In the 
course of one complete tidal period, the particle 
has been displaced towards the interior of the 
Wadden Sea over a distance from point 1 to 
point 9. 

This inward shift to point 9 is due to the 
asyımmetty of the curves and to the smaller size 
of curve ca. The amount of the shift is mainly 
determined by the distance F to 5, which in turn 
depends on the time a particle takes to reach the 
bottom after it starts to drop out at F. The deeper 
the water at F the further the particle can travel 
before reaching the bottom. The smaller or lighter 
a particle, the lower the horizontal line 2 to 6 
will lie and the further F will lie to the right. 
On the next tidal cycle the particie will start 
from point 9 in water belonging to cutve c.. 
The inward shift applies to all particles that are 
alternately transported in suspension and depo- 
sited during the decrease of the currents. This 
alternation of deposition and resuspension causes 
a differential movement of the mud particles 
relative to ıhe water masses. The settling lag 
effect is thus based among other things, on the 
fact that after each stage of deposition the lutite 
particles become resuspended in another unit of 
water than that in which they travelled immedia- 
tely before deposition. 

The inward movement of the particles from 
one tide to the next can not go on indefinitely, 
of course. Every time they move in a more 
shoreward lying mass of water, the contact point 
R. between the velocity curve c and the tangent 
p (fig. 14A), moves closer towards the point of 
intersection of p with the horizontal line giving 
the critical erosion velocity for their particular 


grain size. When the two coincide, the settling 
lag effect becomes „final”. For it is obvious that 
if point 3 lies on the line p, then point 6 must 
lie above it. A certain fraction of the Wadden 
Sea material in the vicinity of the inlets or at 
places where older, coarser deposits are eroded, 
may have such large grain sizes that, after pas- 
sing point T (the point where the current reaches 
its maximum velocity), they drop out before the 
current has carried them to point R. This material 
will either undergo a final settling lag effect, or 
it will be taken back by an ebb current of greater 
strength than the flood current from which it 
was deposited. It will then be shifted outward. 
This shifting of the material in the opposite 


Fig. 15 — The water in the Wadden Sea is alterna- 
tely spread out horizontally (B) and piled up in 
narrow deep channels (A). At the end of the flood 
tide most of the settling sediment reaches the bottom, 
because of the shallowness of the water in the area 
B. The quantity of sedimentary material that reaches 
the bottom at the end of the ebb tide is smaller, 
owing to the greater depths at A. 


direction is, however, also limited. The outward 
shift of the particles involves that the contact 
point R of the next flood current migrates up- 
ward along the tangent p. When it has reached 
the point of intersection of p with the horizontal 
line of the critical erosion velocity, the settling 
lag becomes final. It may pass this point of in- 
tersection, but in that case the direction of shift- 
ing is reversed again towards the interior of the 
Wadden Sea. Then it is gradually moved inwards 
again, by the mechanism described above, until 
it also undergoes a final settling lag effect. 

A few further aspects of the movements of 
water and mud have to be studied. In the above 
explanation the variation in depths in the Wad- 
den Sea has been left out of consideration. It 
has been pointed out above that there is a con- 
siderable decrease in average depth from the tidal 
inlets inwards. The situation is schematically re- 
presented in fig. 15. It shows that the water which 
oscillates with the tides between the inlets and 
the shores and watersheds is alternately spread 
out horizontally over the shallow inner parts, 
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Fig. 16 — „General” settling lag effect for particles 
that settle through shallow water at the end of the 
flood, and through deeper water at the end of the 
ebb. Scour lag is supposed to be absent. 

A. Particles deposited by the ebb current are sup- 
Bed to reach the bottom exactly at the turn of the 
tide. 

B. Situation for particles reaching the bottom after 
slack water stage of low tide, when the currents are 
increasing again in strength. 

C. Situation for particles that are deposited in 
shallow water at the end of the flood, but which 
dc not reach the bottom at the end of the ebb. 
Es = CO. 
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at high tide, and piled up in high, narrow prisms 
in the deeper parts in or at least closer to the 
tidal inlets, at low tide. At the end of the ebb 
it will therefore take much longer for the mud 
particles, settling from the surface water layers, 
to reach the bottom, than in the shallow water 
at the end of the flood. Fig. 14B, discussed above, 
applies to water units and lutite particles sup- 
posed to move at a constant height above the 
bottom. This means that in the deeper water 
closer to the inlet, at the end of the ebb tide 
and during the beginning of the flood, these 
water masses and the suspended matter will 
move far below the surface. For the material 
that is transported in the superficial water layers 
and which requires, at the end of the ebb, a 
longer settling time to reach the bottom, a diffe- 
rent picture must be drawn. 

Fig. 16A shows the case where a settling par- 
ticle can reach the bottom exactly at the moment 
of slack tide following the ebb. In the shallow 
water towards the end of the flood it is deposit- 
ed before slack tide, because of smaller depth. In 
the case of fig. 16B the particles reach the bot- 
tom after the turn of the ebb tide. Before they 
are deposited they are carried inwards again a 
certain distance by the beginning flood current. 
Shortly after deposition the flood attains the 
critical velocity for resuspension of the sediment. 
In fig. 16C, finally, the case is shown where 
material reaches the bottom precisely at the mo- 
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ment that the flood current has increased so far 
in velocity that the same material can be eroded. 
This diagram applies moreover to all particles 
that do not reach the bottom at all during the 
transition from ebb to flood tide. 

It will be seen from comparison of fig. 14B 
with figs. 16 A, B and C, that under the given 
conditions the inward shifting of mud particles 
in the course of a complete tidal period is mini- 
mum for the case that the material is deposited 
exactly at the turn of the tide (fig. 16A). A few 
particles, viz. those for which curve cy lies very 
close to curve c,, may under these circumstances 
even undergo an outward shifting. But as long 
as point 8 is situated to the right of point 1 the 
result for all particles will still be an inward 
shift. This condition is fulfilled for practically all 
material within the Wadden Sea. 

Actually, as a result of turbulence, there is a 
constant interchange of positions by particles 
carried along in the currents. Our reasoning does 
not apply, however, as has been indicated above, 
to individual particles, but to bulk effects. Cer- 
tain individual particles can actually be shifted 
outwards, but their place is taken by others that 
move in abnormally far, so that the outcome is 
as if each has remained in its place in the current. 

It might be argued that there is an upward 
decrease in concentration of suspended sediment 
and a lag in time after erosion of a particle be- 
fore it reaches the surface. Hence the influence 
of greater depths towards the inlets must be in- 
significant. However, there is always some fine 
sediment present in the upper part of the water 
in the channels to which our reasoning applies 
and even if it is only a minor fraction the ag- 
gregate influence in the course of many tidal 
cycles cannot be neglected. 

It must be realized that the inward decrease 
in average depths forms an additional factor 
leading in most cases towards concentration of 
the fine grained material in the inner parts of 
the Wadden Sea. Its effect is independent of the 
inward diminishing of the average current velo- 
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Fig. 17 — Diagram for an imaginary environment 
where the depths decrease gradually from the direc- 
tion of the inlet (left) towards the inner shores or 
towards the watersheds (right), but where the average 
velocities of the tidal currents are equal at all points. 
The particle represented fails to reach the bottom at 
the slack water stage of low tide. Ca = Ca. 
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cities. A tidal environment may be visualized, 
although of course it nowhere exists, where the 
depths decrease gradually from the inlet towards 
the land, but where the average tidal currents 
have the same velocities at all points (see fig. 
17). In such an environment there will also be a 
considerable quantity of sediment particles that 
become deposited at the end of the flood tide, 
in the shallow water in the inner parts, but 
which are not deposited in the deeper water at 
the end of the ebb tide, because the distance to 
the bottom is too great. All this material will 
undergo a landward shift during the high tide 
stages, against which there is no opposite influ- 
ence of a seaward shift at low tide. However, 
some particles will settle at such a rate and from 
such a level that they reach the bottom between 
1 and 8, thus undergoing a seaward shift. The 
difference in depth at E and F is an important 
factor in determining what will happen to 
various grain sizes. 

The next step in analyzing the problem should 
be to take into consideration the increase of velo- 
cities from the bottom upwards. But the turbu- 
lent mixing must result, roughly at least, in 
blurring out the effects of velocity differences, 
provided the curves of our figures represent the 
weighted average of velocities of all particles 
for the whole cross section of the currents. It 
lies outside the competency of the authors to 
treat this aspect quantitatively, but it appears 
unlikely that the outcome would thereby be sig- 
nificantly altered. 


3. Scour lag effect 


The term „scour lag” is used in this paper 
for the phenomenon indicated already before 
(p. 333) that there is a difference between the 
maximum velocity at which deposition of cer- 
tain particles can occur and the minimum velo- 
city at which the same material is eroded after 
deposition. 

A stronger current is needed for erosion of the 
sediment. This principle was most clearly esta- 
blished by Hjulstroem (1935). The phenomenon 
is due to the excess energy required to set the 
particles, forming part of the bottom deposit and 
mutually protecting each other, in motion or to 
lift them into suspension against the forces of 
gravity and adhesion. The difference between the 
two critical velocities is larger for silty materials 
than for sandy and gravelly sediments, owing to 
the greater smoothness of the bottom and the 
resulting tendency of the lowermost water layers 
to move in laminar flow. For clayey or muddy 
sediments the difference is much larger still in 
consequence of the sticking together of the de- 


posited particles. 

Owing to the scour lag the deposited material 
will not be back in suspension, after the turn of 
the tide, until the currents have attained a higher 
velocity than when ıt started to drop out. The 
period elapsing between the turn of the tide and 
the moment df resuspension will therefore be 
longer than the immediately preceding period 
between the moment of deposition and the turn 
of the tide. The material deposited at the end of 
the flood will then be resuspended in a mass of 
water which comes, with the ebb, from further 
inwards than the returning water mass in which 
it was originally suspended. This shifting of the 
sedimentary material from one water mass to the 
other is comparable to what happens in conse- 
quence of the settling lag. 

In order to distinguish the effect of the scour 
lag from that of the settling lag it is necessary 
to start from a purely imaginary case where the 
latter is reduced to zero. In such an environment 
the particles will reach the bottom at places that 
lie exactly below the places where they started 
to drop out. A more or less analogous situation 
would arise if a large sieve were placed vertically 
in the water. The horizontally flowing water 
could move relatively unhindered through this 
sieve, but the settling sediment particles, which 
are too large to pass through the openings would 
be abruptly stopped and could then only move 
vertically downwards in our supposition at their 
normal rate of settling. 

The movements of the sedimentary material 
relatively to the movements of the water under 
the circumstances outlined above can be illustrat- 
ed by the same diagrams as those given for the 
settling lag effect, in fig. 14. In fig. 14A the 
case is shown of a particle, eroded at point 1 by 
a flood current with a velocity equal to the 
vertical 1—2, which is larger than the velocity 
necessary for transport in suspension (4—5). It 
is taken inwards, but does not start to settle at 
F, where the current velocity drops below this 
same value. Instead it is carried further along, 
until the diminishing current reaches a velocity, 
at point 5, equal to the vertical 4-5. Then it 
starts to settle and drops on the bottom at the 
same point, because the settling lag effect is 
assumed to be zero. After the turn of the tide 
it cannot be resuspended because point 6 lies 
above tangent p. This permanently deposited ma- 
terial has undergone „final scour lag effect”. In 
fig. 14B the much more common case is illustrat- 
ed in which point 6 lies below p. In this case the 
particle that settled at 5 is resuspended by another 
unit of water than that in which it was trans- 
ported originally, and is deposited at the end of 


the ebb tide at point 9. 

_ The diagrams of fig. 16 do not apply to 

_ scour lag because any movement to the left 

_ beyond point 8 of fig. 14 is excluded by defini- 
tion. However, the greater settling depths at low 
tide position do have an influence, because all 
 particles that remain in suspension are excluded 
from scour lag. Finally, the remarks made with 
regard to the increase of the current velocities 
along the vertical are likewise valid for the case 
of scour lag. 

It has already been mentioned that, in com- 
plete analogy to the settling lag, the scour lag by 
itself can not cause a residual movement of lutite 
material towards the interior of the Wadden Sea. 
That it does have this effect is due to two other 
circumstances, viz. that it works in an environ- 
ment with average current velocities that decrease 
inwards, and that it is operative in an area with 
inward diminishing of the average depths. The 
effects of these two circumstances are inde- 
pendent of each other. If there were only an 
inward decrease of the average current velocities 
the depths being equal in the whole area, there 
would still be an accumulation of fine grained 
material in the inner parts due to scour lag, 
although of smaller magnitude. The same holds 
true for another theoretical environment in which 
the depths decrease gradually from the inlets 
towards the shores, but where the average cur- 

rent velocities are equal at all points (fig. 17). 

It goes without saying that actually there is 
no sharp distinction between the effects of 
settling lag and of scour lag. They are always 
combined. After the current has dropped below 
the scour velocity to depositing velocity, the 
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Fig. 18 — Diagram showing the combined influen- 
ces of settling lag and of scour lag (movements of 
mud particles from point 1’ to point 5 and back to 
point 8°), as compared to the smaller effect of settling 
lag alone (movements of particles from point 1 to 
point 5 and back to point 8). ; 

A. Situation for particles settling from equal heights 
at the end of the ebb and at the end of the flood 
tide. 

B. Situation for particles deposited in shallow water 
at point 5, but not reaching the bottom at the end 
of the ebb tide because of greater depths. 
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settling lag sets in. Conversely, after the turn of 
the tide, the velocity must increase first to reach 
transporting speed, but not until scour velocity 
is attained can erosion set in. 

In fig. 18 the effects of settling lag alone and 
of the combination of settling lag and scour lag 
may be compared. Fig. 18A refers to particles 
which settle from the same heights at the end 
of the flood and at the end of the ebb tide. Fig. 
18B gives the situation for particles which are 
transported along the water surface and which, 
upon settling, do not reach the bottom at the 
end of the ebb tide because of the greater depths. 
In fig. 18A a particle which can be transported 
by velocity 2 is eroded by the flood current at 
point 1’, by a velocity equal to the vertical 1’— 
2". It is taken inwards but does not start to settle 
when the velocity drops again below this same 
value, in consequence of the scour lag phenome- 
non. The settling is delayed until point 3 is 
reached. Then, while it is settling, it is taken 
still further inwards as a result of the settling 
lag effect, to point 4, where it reaches the bot- 
tom. After erosion by the ebb current it is taken 
seaward by the water of curve ca. At the end 
of the ebb tide it is finally deposited at point 
8. It is seen that the inward shift due to the 
combined effects of settling lag and of scour lag 
is greater than that due to the settling lag alone, 
which is illustrated in the same diagram by the 
particles moving from point 1 via points 2, 3, 
4 and on c, via 6 and 7 to point 8. A similar 
increase of the inward shifting due to the scour 
lag takes place under the conditions of fig. 18B. 


4  Significance of coagulation of suspended 
material 

It will be realized that there would be little 
accumulation of fine grained material, if the 
suspended mud (or clay) were not coagulated 
as floccules, faecal pellets, minute lumps derived 
from eroded beds etc. With complete peptization 
there would be hardly any deposition in the 
short times of slack water. The material would 
move to and fro with the water as a colloidal 
solution. 

Accumulation by the lag effects is operative 
only for material that is transported part of the 
time in suspension, but which is deposited on 
the bottom when the tidal currents have dimi- 
nished sufficiently in velocity. It follows that very 
coarse material is also uninfluenced by these 
processes of concentration, because it is never 
transported in suspension, but only by traction 
along the bottom. Small particles of coagulated 
mud and silt are the main materials accumulated 
in the Wadden Sea by the lag effects. Sand is 
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influenced only in a subordinate degree. 


Ss, Conditions outsüwle the inlets 


The foregoing applies only to the relative 
movements of water and sedimentary material 
in the areas Iying between the inlets and the 
inner shores and watersheds of the Wadden Sea. 
Nothing has yet been said concerning the water 
and the sediment that passes through the inlets, 
into or out of the North Sea. On the side of the 
open sea there is an outward decrease of the 
average current velocities, and, on the greater 
part of the outer tidal deltas, also an outward 
decrease in average depth. Here then the sett- 
ling lag and the scour lag effects must tend to 
remove the fine grained sedimentary material 
from the area of the inlets into the North. Sea. 

One might wonder whether this will not 
completely annihilate the influence of concen- 
tration of mud into the Wadden Sea. This is 
not the case, however, since the concentrating 
effects on both sides of the inlets are not equal 
to each other. In the Wadden Sea the average 
velocities of the tidal currents diminish from the 
relatively high values in the inlets all the way 
to zero along the inner shores and on the water- 
sheds. Going from the inlets in the opposite 
direction there is some decrease of the average 
velocities at first, but soon it stops and the 
velocities stay at a more or less constant and still 
considerable value in wide areas of the open 
sea. Likewise, the seaward decrease in average 
depths on the outer tidal deltas is only of limit- 
ed importance (see fig. 1). A considerable portion 
of the water carried off through the inlets with 
the ebb tide will flow beyond the shallowest part 
of the deltas at their seaward edges to areas of 
tapidly increasing depths. 

Moreover, the chance that mud particles will 
be deposited on the deltas during the moments 
of slack tide is greatly reduced by the circum- 
stance that there is usually a heavy swell in these 
areas. In consequence, there will be only little 
material that, at the turn of the tides, is shifted 
from the water masses in which it was originally 


suspended into other, more seaward units of 
water. 


6. Comparison of senlng lag and scour lag 
effects 

Before the relative importance of the settling 
lag effect and the scour lag effect on the inward 
concentration of mud in the Wadden Sea can be 
evaluated, it is necessary to have some informa- 
tion about the sizes of the mud particles that 
are transported. Investigations by Van Straaten 
(1954b) have shown that a great part of the 
mud has equivalent grain sizes ranging between 


a few and some 40 microns. The sediments in the 
Wadden Sea, at least those formed on the floors 
and the banks of the channels have usually dis- 
tinctly laminated structures. The laminae are 
often alternatingly composed of sand and mud. 
The mud laminae may contain varying amounts 
of (usually fine grained) sand. The sand laminae 
contain as a rule only a subordinate quantity of 
mud (in the shape of large faecal pellets, etc.). 
Now it is found that the minimum grain size 
of such relatively pure sand laminae is practi- 
cally always approximately 40 microns. Smaller 
grain sizes are hardly ever encountered. When 
the movements of the water have decreased so 
much that grain sizes of less than 40 microns 
are deposited, a great part of the mud drops 
apparently out of suspension at the same time. 

There are as yet no accurate data concerning 
the maximum current velocities at which very 
fine particles, of e.g. 20 to 30 u, can be deposited. 
According to the graph given by Hjulstroem 
(1935) the velocity would have to drop to a 
value of approximately 0.17 cm/sec before a 
particle of 25 u diameter is deposited, or to a 
value of 0.3 cm/sec for a particle of 40x. Such 
low velocities are very rare in the Wadden Sea. 
At most places they are not even attained during 
the slack water stages, because the current, at 
least at the surface, turns slowly round at these 
moments to its opposite direction. It may be 
assumed that the minimum velocities of the 
currents in the Wadden Sea are in general greater 
than 1 cm/sec. According to Hjulstroem this 
would correspond to a minimum size of depo- 
sited particles of some 140u. It seems likely, 
however, that the values given by Hjulstroem 
are low because they apply to traction, not 
suspension. 

The data from the Wadden Sea itself are too 
scarce to permit any definite opinion on this 
point. It is true that numerous observations have 
been made in this area concerning the relations 
between current velocities and contents of sus- 
pended mud, but they refer nearly all to fixed 
points (see e.g. figs. 9 and 10). Many of these 
measurements show that during the beginning 
stages of the flood the mud contents in the 
water increase strongly, but that soon a maximum 
is attained, after which the contents diminish 
more or less gradually until shortly after the slack 
water moment of high tide. This decrease in the 
quantities of suspended mud may not be inter- 
preted as the result of the sedimentation of the 
coarsest particles. This is immediately apparent 
from the fact that the current velocities in- 
crease still further, for a certain length of time, 
after the contents of suspended material are al- 


ready past their maximum values (cf. fig. 10). 
This applies not only to the surface water, but to 
the bottom water as well. The cause of this seem- 
ing contradiction is that one considers at every 
successive time of observation a different mass 
of water. 
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Fig. 19 — Variations of contents (mg/L) of suspend- 
ed matter with equivalent grain sizes smaller than 
40 to 60 u during fleat experiment in the area of 
the Marsdiep (southernmost inlet of the South- 
western Dutch Wadden Sea), after Postma (1954, 
Fig. 28). 

It will be clear that the first water masses, 
which pass over a certain point of observation, 
must be richer in suspended material than later 
ones, because these first units have eroded a con- 
siderable portion of the muddy sediment that was 
deposited during the preceding slack water stage 
of low tide. The water masses coming in the rear 
of these first units pass over a bottom which 
has been cleaned already for a great part of 
the fine grained material. Even if the current 
velocities are on the increase, and if the erosion 
of muddy material on the bottom at the place 
of observation is continued, the water masses 
which pass over this place may contain decreas- 
ing contents of suspended matter, provided they 
started their journey on a clean bottom. 

The situation is different when the observer 
moves downstream with the current, so that all 
measurements refer to the same mass of water. 
When a diminishing of the amounts of suspend- 
ed material is observed under these conditions, it 
must be really due to deposition or at least to 
the sinking of material towards the bottom, that 
is assuming that no supply of clean water from 
the side is mixed in with it. Observations of this 
kind were made in the Danish part of the Wad- 
den Sea (see Gry, 1942) as well as in the Dutch 
part (Postma, 1954, see also fig. 19), but their 
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number is still far too small to permit the draw- . 


ing of detailed conclusions. The actual amount 
of the settling lag, therefore, has to be based lar- 
gely on estimates. 
Yet, one may safely say that the maximum 
current velocity at which a suspended particle 
with an equivalent grain size of 40 u. is depo- 
sited does not exceed some 6 cm/sec. The value 
given in the graph of Hjulstroem for such a 
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diameter is only 0.3 cm/sec, or 20 times smaller, 
whereas the minimum grain size that can be 
deposited at a velocity of 6 cm/sec, according to 
Hjulstroem’s data is nearly 1 mm. A velocity 
of the flood current of only 6 cm/sec is normally 
not attained in the Wadden Sea until at the 
most some 30 minutes before the slack stage of 
high tide. If the conditions for the inward 
shifting due to the settling lag effect are most 
favourable, the particle reaches the bottom exactly 
at the moment of slack water. The average hori- 
zontal velocity of the settling particle during 
these 30 minutes may be put at 3 cm/sec. This 
means that the horizontal distance covered during 
the settling is only 30 X 60 X 3 cm = 54 m. 
Over such a small distance there is only a minute 
difference in the average and maximum velocities 
of the tidal currents. The actual magnitude of the 
settling lag effect can therefore be only very 
small. If one keeps to the values for the critical 
current velocities given by Hjulstroem, the in- 
ward concentration of fine grained material due 
to the settling lag phenomenon is still much less. 
Nevertheless, the process is repeated with every 
successive tide and the final result may still have 
some significance. 

With regard to the actual magnitude of the 
scour lag effect, there are yet fewer data. It is 
well known, of course, that for coatse sediments 
with grain sizes over 1 mm the critical velocities 
required for erosion become greater as the grain 
sizes of the material increase. A different relation 
is found for fine sediments. Hjulstroem stressed 
the fact that below certain grain sizes, viz. some 
100 to 500 u, the critical erosion velocities show 
an increase as the size of the bottom particles 
decreases. This implies that for the erosion of 
clayey sediments the same current velocities are 
required as for gravels. However, these high 
critical erosion velocities for clayey material apply 
only to old, compact clays. No data are given by 
Hjulstroem for recently deposited muds. It is 
obvious, that muddy material that is exposed to 
erosion only a few minutes, or even hours, 
after it has been deposited, can return much 
more easily into suspension. It may be expected 
that the critical erosion velocities for these depo- 
sits increase gradually with the state of compact- 
ion and hence with the age of the sediments. 

Experiments to determine this relation are 
being carried out by Van Straaten. It is not yet 
possible to present any detailed results of these 
investigations, but it is already apparent that the 
erosion velocities for recent muds are much 
smaller than the values given by Hjulstroem for 
old clayey sediments (see also Sundborg, 1956). 
On the other hand, the velocities turn out to be 
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much greater than the maximum velocities at 
which the same material drops out of suspension. 
Ic follows that the scour lag phenomenon must 
be much more efficient in concentrating muddy 
sediments in the interior of the Wadden Sea than 
the settling lag effect. 


V. APPLICATION OF RESULTS 


1. Importance for other areas of the proces- 
ses dealt with 


The above mentioned processes leading to the 
inward concentration of fine grained sediment 
in the Wadden Sea out of a supply of variable 
grain sizes in open waters are based on Only 
three circumstances: (1) the coagulated state of 
the suspended material, (2) the inward decrease 
of the average tidal current velocities, (3) the 
inward decrease of average depths. Since these 
conditions are also fulfilled in tidal environments 
along many other coasts, it is likely that the 
muddy composition of the sediments in these 
other areas is likewise due to the activity of the 
processes described in this paper. These will not 
only be operative in the belts of tidal flats, but 
also in tidal Jagoons, where only a subordinate 
part of the bottom runs dry at low tide. Even 
in many estuaries they may be the chief agency 
responsible for the accumulation of muddy se- 
diments, especially in those ones in which there 
is a relatively unimportant run-off of river wa- 
ter. If the latter is large, there will be compli- 
cations, however. The currents during the ebb 
stage may not show the necessary inward decrease 
in velocities, the so-called estuarine type of cir- 
culation (see p. 339) will set in, etc. 

Finally, it may be safely assumed that the 
lag effects have worked also in the geological 
past. They may be the explanation of certain 
gradual lateral changes from sandy to more mud- 
dy sediments, found in older formations. In 
such cases increasing lutite content in sandy 
deposits is not due to increasing distance from 
the former coast or to increasing depth of for- 
mation, nor to a change in the distance from 
a former muddy river mouth, but conversely to 


approach of the original land or tidal water- 
sheds. 


2. Suggestions for future observations 

The writers themselves do not intend at the 
present time to undertake new field work in 
connection with the problems discussed. But it 
is hoped that other investigators in tidal flat 


areas may have the opportunity to collect more 
relevant data. 


If it is conceded that the simplest and most 


profitable approach to the solution of these 
problems is to consider the history of moving 


masses of water, then there is an urgent need 
for data obtained by the method of following a 
float. This should be done not only in the inlets 
and in the major channels, but also in small 
channels and on the flats. Each time an obser- 
vation of the* contents of suspended matter is 
made, one should also measure the velocity with 
which the float moves relatively to the bottom. 
In addition one should make detailed analyses 
of the equivalent grain sizes of the suspended 
matter at each place of observation. 

A very serious lack of data exists also con- 
cerning the distribution of suspended matter in 
the Wadden Sea at each particular moment. 
Many more simultaneous observations of sus- 
pended matter and of current velocities should 
be made at different places in the tidal sea. 
These measurements should be carried out both 
during periods of quiet weather and during 
storms. The idea expressed in this paper that 
during storms vast quantities of fine sediment 
are lost to the open sea is still in need of con- 
firmation by observations. 

Another line of approach is to sample the 

bottom at various stations during a tidal cycle, 
in order to see how much of each grain size is 
scoured away or deposited at each time. This 
would also help to understand to what degree 
scour lag and under-charging of the capacity are 
developed. It is true that in practice this method 
will prove very difficult, because, when mud is 
being deposited, it is at first still so fluid that the 
turbulence caused by the sampling process itself 
will easily lead to resuspension of the material 
into the overlying water. 
Finally, it is obvious that the processes at work 
in the Wadden Sea will be much better under- 
stood when more laboratory data are available 
concerning the relations between the grain size 
composition of the material and the critical ve- 
locities for erosion and deposition. 


SUMMARY 

Many attempts have been made in the past to 
understand the processes of transport and accu- 
mulation of sediment in the Wadden Sea and 
similar environments. But the complexity of the 
relations has hampered progress, especially as 
regards the movements of the muddy material. 
In the present paper a somewhat different ap- 
proach is followed from what has been custo- 
mary up to the present. Instead of analyzing the 
successive happenings at fixed points, the se- 
quence of conditions in a given mass of water 
is followed as it moves back and forth under 
influence of the tides. It is believed that this 
method already employed to a certain extent 


by Postma (1954), leads to a simplification and 
allows a fuller understanding of the processes 
involving transport in suspension. 

Earlier investigations of the mineral compo- 
sition of the Wadden Sea sediments have shown 
that they are derived from the North Sea. Yet, 
although consisting for the main part of sand, 
they are much richer in clayey material than the 
sediments of the adjoining parts of the North 
Sea, and the sand is of smaller grain size. Se- 
veral conditions are responsible for this accu- 
mulation of fine grained material in the Wadden 
Sea: the smaller size of the waves, the abundance 
of diatoms which both enhance the deposition 
and hinder the erosion of mud, the profusion of 
mud-pellet producing molluscs, etc. 

A distinet variation in the grain size distri- 
bution of the sediment is observed from the 
tidal inlets towards the inner shores and the 
watersheds. It starts in the inlets with lag mate- 
rial which is partly of gravel size. The mean 
grain size of the sand shows a decrease in inward 
directions, the clay content an increase. The 
contents of suspended matter in the Wadden 
Sea waters show on the average also an in- 
crease from the inlets inwards. Since there is 
a high rate of exchange between the Wadden Sea 
water and the relatively clear North Sea water, 
this gradient in the contents of suspended mat- 
ter should lead, as has been pointed out by 
Postma (1954), to a gradual dissipation of all 
fine grained sediment into the North Sea. There 
are, however, counteracting influences which 
keep the fine material in the Wadden Sea. 

These counteracting processes are connected 
with two factors, the „settling lag” of suspended 
particles and the „scour lag” of deposited ma- 
terial. Settling lag is the phenomenon that there 
is a time lag between the moment at which a 
current of decreasing velocity is no longer able 
to hold a particle in suspension and the mo- 
ment at which this particle reaches the bottom 
(Postma, 1954). The resulting shifting of mud 
particles is termed „settling lag effect”. The term 
scour lag is used for the phenomenon that a 
greater current velocity is needed for erosion of 
a sediment than the velocity at which deposition 
of the same material from a flowing suspension 
begins. The displacement of sedimentary mate- 
rial due to the scour lag is called „scour lag 
effect”. By themselves neither of these types of lag 
would result in concentration of fine grained 
material towards the interior of the Wadden Sea. 
That they actually do have an effect is the result 
of the circumstance that the average velocities 
of the tidal currents in this environment, as well 
as the average depths, decrease from the inlets 
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inwards. 

The result of the settling lag is that the flood 
currents bring the fine material further inwards 
to places of smaller average velocities (fig. 14). 
The subsequent ebb currents that have to carry 
the material back again are in general less ef- 
fective and can not sweep it back right to the 
same point from where it was taken by the flood 
currents. A part of the material will even be 
deposited at the end of the flood tide in places 
where it cannot be dislodged at all by the sub- 
sequent ebb currents (fig. 14A). 

The influence of the inward decrease in depth 
in the Wadden Sea is roughly as follows. A 
considerable part of the water in this environ- 
ment is alternately spread out horizontally over 
the shallow, inner parts, at high tide, and drawn 
together in narrow, deep channels at low tide 
(see fig. 15). Material in the superficial water 
layers will be easily deposited at the end of 
the flood tide, but may not all reach the bot- 
tom in the short period of slack water at low 
tide, because the distance to the bottom is too 
great. In consequence of the settling lag this 
material will be resuspended, after the conclusion 
of the flood tide, into a water unit which, with 
the ebb tide, comes from further inward than 
the water mass in which it was originally pre- 
sent. At the end of the ebb tide no such shifting 
of the material remaining in suspension from 
one water mass to another will take place so 
that it is carried back immediately (fig. 16C). 

The processes taking place owing to the scour 
lag phenomenon in combination with the inward 
decrease of the average current velocities and of 
the average depths, have results similar to those 
due to the settling lag, see fig. 18. 

Viewed broadly the slight content of lutite, 
silt and very fine sand in the North Sea water 
is partly coagulated while in the Wadden Sea. 
It also undergoes a shift inwards against a con- 
centration gradient in the suspension and part 
is deposited. The mud pellets and the small 
chunks derived from eroded clay beds are gra- 
dually abraded and what they loose is brought 
back into suspension. In this manner the inward 
concentration of mud in suspension and in the 
bottom go hand in hand and keep each other in 
balance. When the gradient in the contents of 
suspended matter between the inlets and the 
shores and watersheds has reached a certain limit, 
a steady state is attained, with dissipation just 
counteracted by the lag effects. 

In all regions elsewhere on earth where a 
supply of sediment containing fine sand, silt 
and clay is combined with an inward decrease 
in depth and current velocity, an inward sto- 
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rage of the fine grained elements will result 
from the settling and scour lag effects. The con- 
centration of lutite lies in the opposite sense 
as compared to the usual case, where increasing 
contents of fine grained material are found in 
the directions away from the shore. Where run- 
off of fresh water is significant, estuarine cir- 
culation (an incoming current along the bottom) 
may contribute largely to the storage of fine sedi- 
ment. 
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Elementary crystallography. An introduc- 
tion to the fundamental geometrical fea- 
tures of crystals, by M. J. Buerger. xxiii : 
528 p., illus. John Wiley & Sons, Inc., New 
York; Chapman & Hall, Ltd., London, 1956. 
Prijs geb. $ 8.75. 


In dit voortreffeliik opgebouwde werk geeft 
de bekende mineraloog-kristallograaf van het 
Massachusetts Institute of Technology de grond- 
slag van de leer der symmetrie-eigenschappen 
van kristallen aan de hand van een serie elemen- 

 laire meetkundige uiteenzettingen, die voor een 
ieder met de wiskundige kennis van gymnasium 
of hogere burgerschool te volgen zijn. 

De eerste helft van het boek is gewijd aan de 
lcgische ontwikkeling der met het oog zichtbare 
kristalsymmetrie&n. Het bewijs van het bestaan 
van uitsluitend 32 kristalklassen wordt geleverd 
m.b.v. de theorieön der periodieke herhalingen, 
trenslaties, rotatie-symmetrieen, reflecties en in- 
versies, terwijl eveneens de klassieke afleiding 
van Schoenflies wordt gegeven. Hierna volgen 
beschouwingen over de eigenschappen van vlak- 
ke tralies, ruimtetralies, en de 14 ruimtetralies 
van Bravais. Uitvoerig worden de diverse kristal- 
vermen uit de 6 kristalstelsels en de hierover 
verspreide 32 klassen beschreven, waarbij van 
elke klasse voorbeelden worden gepresenteerd 
uit het mineralenrijk en uit de groepen der 
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anorganische en organische verbindingen. Mid- 
delen worden vervolgens aan de hand gedaan om 
de puntgroepsymmetrie van een kristal te her- 
kennen d.m.v. de bestudering der morfologie, 
van symmetrieverschijnselen te voorschijn ge- 
bracht door aantasting met chemicaliön, van 
kunstmatig van het kristal geslepen bollen, 
voorts van etsfiguren, optische eigenschappen, 
pi&zoelektrische en pyroelektrische effecten, en 
diffractiediagrammen opgewekt met roentgen- 
stralen (dit laatste zeer in het kort). 

Het volgende deel van het werk is gewijd aan 
ae volledige afleiding der 230 ruimtegroepen van 
A. Schoenflies, E, S. Fedorov en W. Barlow, na 
invoering van de begrippen schroefas en glijd- 
spiegelvlak. Bij deze bewijsvoering sluiten hoofd- 
stukken aan over de bepaling van de ruimtegroep 
van een kristal en over de groepentheorie toege- 
past op puntsymmetrieen. 

De eerste hoofdstukken sluiten met een lijstje 
van vragen en oefeningen om de beginneling de 
gelegenheid te geven zich grondiger vertrouwd 
te maken met de behandelde materie. Dit laatste 
wordt bovendien vergemakkelijkt door het grote 
aantal duidelijke figuren, waarmede de tekst 
kwistig is geillustreerd. 

Het werk vormt een welkome aanvulling van 
het eerder van de hand van de zelfde schrijver 
bij de zelfde uitgevers verschenen X-ray cerystal- 
lcgraphy (531 p., 1942). 


GEOLOGISCH EN MIIJINBOUWKUNDIG NIEUWS 


FOTO-GEOLOGEN GEVRAAGD — Het Minis- 
terie van Zaken Overzee zoekt geologen voor de 
interpretatie van luchtfotomateriaal van de over- 
zeese rijksdelen. Hiervoor komen zowel geologen 
met veldervaring als pas afgestudeerde geologen 
in aanmerking. Geologen zonder fotogeologische 
ervaring kunnen bij gebleken geschiktheid kos- 
telcos een opleiding in de fotogeologie ontvan- 

en. 

: Inlichtingen verschaft de directeur van het 
Internationale opleidingscentrum voor luchtkar- 
tering, Kanaalweg 3, Delft. 


„IHE FUTURE OF NON-FERROUS MINING IN 
GREAT BRITAIN AND IRELAND" zal het onder- 
werp zijn van een symposium, dat in september 
1958 in Londen zal worden georganiseerd door 
„The Institution of Mining and Metallurgy’ (44 
Portland Place, London W. 1) en de „United 
Kıngdom Metal Mining Association”. Het is de 
bedoeling een bespreking te organiseren over de 
delfstoffen anders dan ijzer en steenkool in 
Groot-Brittanni& en lerland, en over de proble- 
men, die met hun exploratie en ontwikeling ver- 
band houden. Nadere gegevens zullen later in dit 
iaar bekend wroden gemaakt. 


„ANNALS OF THE INTERNATIONAL GEO- 
PHYSICAL YEAR" is de titel van een verzamel- 
werk, gewijd aan de organisatie, het programma, 
de methoden van onderzoek en de resultaten van 
het internationale geofysische jaar. Als eerste is 
deel III verschenen, dat de ionosfeer tot onder- 
werp heeft. Volgende delen zullen o.a. gewijd 
ziin van aardmagnetisme, seismologie en oceano- 


grafie. Hoofdredacteur is Sir Harold Spencer Jo- 
nes, die door een redactieraad van 14 leden wordt 
bijgestaan. Verwacht wordt, dat in de loop van 
1957 en 1958 vier ä zes delen van + 400 blz. 
ieder zullen verschijnen. De prijs per deel be- 
draagt, bij abonnement, &£ 6.0.0. Uitgever is Per- 
gamon Press, 4 & 5 Fitzroy Square, London, W. 1. 


VERGEEFSE OLIEBORING IN DE ZUIDCHI- 
NESE ZEE — Een exploratieboring voor de kust 
van Brits Borneo heeft geen succes gehad. In 
november 1956 begon de Brunei Shell Petroleum 
Company Ltd., een dochtermaatschappy van de 
Koninklijke/Shell Groep, een boring op een on- 
diepte in de Zuidchinese Zee, Ampa Patches ge- 
heten, ongeveer 32 km uit de kust van Brunei, 
Brits Borneo. De boorbeitel bereikte een diepte 
van ongeveer 1800 m, maar trof geen olie aan. 
Naar aanleiding hiervan werd het besluit geno- 
men deze boring te verlaten. 

Voor deze boring werd een kunstmatig eiland 
van staal op een 9 meter onder de zeespiegel 
gelegen koraalrif geplaatst. Het werd door de 
Nederlandse industrie gebouwd naar een ontwerp 
van de N.V. De Bataafsche Petroleum Maat- 
schappij te 's-Gravenhage. Met de bouw van dit 
eiland was meer dan 9 miljoen gulden gemoeid. 
De gemaakte uitgaven moeten thans als een ver- 
lıespost worden beschouwd. 

De boorwerkzaamheden in de Zuidchinese Zee 
worden op andere plaatsen voortgezet en er zijn 
onderhandelingen gaande met een aannemer over 
een verplaatsbaar boorplatform, dat naar ver- 
wacht wordt in 1958 ter plaatse in bedrijf zal 
komen. 
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MINING ENGINEERS, GEOLOGISTS AND METALLURGISTS 


interested in making contact with established Canadian mining companies 
with a view to employment are invited to write to 


CANADIAN METAL MINING ASSOCATION 
Room 335, 12 Richmond St. East, Toronto 1, Canada 


The Association will be pleased to furnish information concerning min'ng companies in Canada to 
which enquiries about employment opportunities can be directed. 

Enquiries would be welcomed also from trained and wellqualified mechanics, machinists, electricians 
and tradesmen. 


FOTO-GEOLOGEN 


Het Ministerie van Zaken Overzee zoekt geologen voor interpretatie 
van luchtfoto-materiaal van de Overzeese Rijksdelen. Ook geologen 
zonder ervaring van foto-geologie kunnen, bij gebleken aanleg, in aan- 
merking komen, in welk geval zij kosteloos een opleiding in foto- 
geologie ontvangen. 

Naast geologen met ervaring van veldonderzoek kunnen ook enige 
pas afgestudeerden geplaatst worden. 


Inlichtingen: de Directeur van het Internationaal Opleidingscentrum 
voor Luchtkartering, Kanaalweg 3, Delft (Z.H.) 
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© IDEALE PASVORM. 

© GROOT GEZICHTSVELD. 

© GERINGE ADEMHALINGSWEERSTAND. 
o 


FILTERCONDITIE DOOR PLASTIC 
FILTERHOUDER DIRECT TE BEPALEN. 


GEMAKKELIJK TE ONDERHOUDEN. 


@ ALLE ONDERDELEN DIRECT TE 
VERVANGEN. 


HET STOFMASKER DAT 
GRAAG GEDRAGEN WORDT 


KOOPMAN & CO..N.V. 


AMSTERDAM - STADHOUDERSKADE 6 - TEL. 82821 
DJAKARTA - NEW YORK - BAGDAD - PARAMARIBO 


2 
0% 


N.V. WERF GUSTO v/h FIRMA A. F. SMULDERS 


SCHIEDAM 


TELEFOON ROTTERDAM 
69030 (4L) 69420 (4 L) 


GELEEN 


TELEFOON 3345-3346 


SERVICEBEDRIJF VOOR 
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SKIPVERVOER 


BOVENGRONDSE- 
KOLENVERWERKING 
WASSERUEN,SYSTEMEN STAMICARBON 
O.A. STAATSMIJNEN CYCLOON- EN 
DRUFWASPROCEDE'S 
MECHANISCHE KOOLWINNING 


O.A. SCHRAPER- EN SCHAAFINSTAL- 
LATIES 


TRANSPORTINRICHTINGEN 


MULTISCHAAFINSTALLATIE 


Leveranties in: 
Nederland, Belgie, Frankrijik en Engeland 


VERTEGENWOORDIGING VOOR NEDERLAND: 


P. BERGSTEIN Handelmij C.V. 


KERKRADE - Telefoon 04445-2155 


Für den Streckenvortrieb 


OHRWAGEN 


mit den bewährten „Kombi”- 
Drehschlagbohrmaschinen 
P IIl/6 ausgerüstet 


Einarmige und zweiarmige Ausführungen 
für Einsatz mit Wurf- und Stoßschaufellader 


TURBO-MACHINEN-A.G. 


Nüsse & Gräfer 
SPROCKHOVEL I WESTFALEN 


Complete blaasinstallaties 
voor blazend vullen 
Blaasmachines 
35-80-120 m?/h 
Blaasbuizen met 
snelkoppelingen 
Hulpstukken voor blaasleidingen 
Blaasluchtregelaars 
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bajonet- of onder druk beweegbare 
(LGB) koppelingen 
Rijventielen 
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” olifant au 


Ja, dit is de nieuwe Glück-Auf hydraulisch- 
pneumatische omdrukcylinder Olifant 


Type HPVR 15 


dient voor omschuiven (drukkracht 
15-20 ton) en trekken (7-9 ton) 
van zware aggregraten zoals aan- 
drijfstation enz. 


MASCHINENFABRIK GLÜCKAUF . GÜNTHER KLERNER - GELSENKIRCHEN 


Vert: INGENIEURBUREAU „LIMAHA” sche re u bi 


STRECKENBOGEN 
RAUBGERAT 


“ GEGRÜNDET 1880 


5 ‚Seruisarm’ : 


<Dele duizenden malen 
ondergronds in bedri} gesteld 


spaart de arbeiders, 


verhoogt de arbeidsprestatie 


in 


Van oudsher stast de DUSTERLOH-Persluchtmotor in de mijnbouw bekend als DE motor 
voor betrouwbare economische aandrijving. Niet minder dan 40.000 stuks zijn tot op heden 
in bedrijf gesteld. Thans is deze motor na demping van het geruis en verdere opvoering van 
vermogen in waarde gestegen. De „geruisarme” motor spaart de arbeiders en verhoogt de 
werkprestatie. De types 3-32 Pk. met een draairichting en omschakelbaar — ook met drijf- 
kast en regulateur - worden als meest economische en bedrijfszekere aandrijvingen gebruikt 
voor pantsertransporteurs, rubberbanden en krabbanden, kettingbanden, rangeerlieren; mon- 
tagelieren, trek- en wikkellieren, voor schaven enz. Zie onze prospecti. Vraagt bezoek van 


onze ingenieurs. 


DU$TERLOH 


GEWERKSCHAFTDÜSTERLOH-BOCHUM 


mMINnLOCOMOotTIEven % luchtcompressoRs 


Naamloze W. A. HOEK’s Postbus 78 
Vennootschap MACHINE- EN ZUURSTOFFABRIEK SCHIEDAM 


ALLIS- 
CHALMERS 


een 
RTSTIICHTCIEIS 


£ = “s 
ee u 
nn 


HD 
De aanschaffing van een bulldozer is een type 21 235 pk 
investering van betekenis. Rijp beraad bij 
de koop is dus geboden! Neem geen be- HD 
sluit voor U kennis hebt genomen van 16 170pk 
hetgeen A-C bulldozers kosten en 
presteren. Want belangrijker dan de prijs HD 
ziin de mogelijkheden van de machine, de 
onderhoudskosten, de levensduur en niet 1 1 99 pk 
te vergeten: het grondverzet per uur. Ss 

HD 
MEEUWENLAAN 98-100 - AMSTERDAM-N. - TELEFOON 68222 6 66,5 pk 


JRON OPHAALMACHINE 


Installatie met speciale regelinrichting, systeem Rapid-Exact. Optimale bedrijfszekerheid bij 
maximale productie 


E. M. ELECTROSTOOM N.V. 


POSTBUS 301 - ROTTERDAM - TEL. 82720 


Ferndori- 
Stahlrohre 


für Pressluft - Gas - Was- 
ser und alle anderen Ver- 
wendungszwecke, von 200 
mm an aufwärts bis zu den 
grössten Abmessungen |ie- 
fert in anerkannt erstklas- 


sigster Ausführung: 


EISEN- UND METALLWERKE FERNDORF 


Gebr. Bender 


Ferndorf (Kreis Siegen) - Westfalen 


vacuum trommellfilters 


7 Deze DORR-OLIVER filters kenmerken zich door 
/ grote veelzijdigheid n.l. EL 
e Hoge filtreersnelneid G EGEERD 
e Uitstekende wassing en droging van de 
filterkoek. GIETIJIZER ei 


e Leverbaar in grootten von 0,25 m? tot 


DT 75 m? filteroppervlak. 

T e Geconcentreerd en verdund filtraat 

G kunnen zonodig gescheiden worden 
opgevangen. 


Deze kunnen daarom In industrieen van de 


meest uiteenlopende aard worden toegepast, 


Wendt U zich 
voor nadere 


inlichtingen totı 


1273 


DORR-OLIVER N.V.. 


. INGENIEURS - HEERENGRACHT 478 - AMSTERDAM - TEL. 30781 
G, 
LLL.L___ _ N.V. MACHINEFABRIEK EN IJZERGIETER|] 


„HOLLAND-BERGEN OP ZOOM” 


Dubbeltrommel-ophaalmachine, 
Trommeldiameter 4 meter. Vermogen 
450 KW met overbrenging door cylin- 
drische tandwielen, tandkoppeling en 
tonnenlagers 


KEM Köln-Ehrenfelder Maschinenbau-Anstalt G.m.b.H. - Köln (Duitsland) 
Vert.: N.V. INGENIEURSBUREAU FERRUM - ST. ANTONIUSWEG 9 - HEERLEN - TEL. 4388 


COMPLETE TRANSPORT- 
INSTALLATIES 


GASHOUDERS 
TANKS 


MIJNAPPARATUUR 


BRAAT - ROTTERDAM 


DOKLAAN 22 TELEFOON 0.1800 - 72720 


ALLIS-CHALMERS 
MIJNBOUWMACHINBS 


LOW-HEAD 
RIPL-FLO _TRILZEVEN 


ee... 
| 
} 
enkel, dubbel en drie-deks 
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SLIKPOMPEN 


voor vloeistoffen met vaste bestand- 
delen 


Gemakkelijk in onderhoud en 
contröle 


* 
HYDROCONE BREKERS 


voor elke toepassing 
Betrouwbaar 

Lange levensduur 

Capaciteit van 7 tot 1000 ton 
materiaal per uur 


Atmetingen van het product van 1/8" 
3082.57 


x 
TEXROPE AANDRIJVINGEN 


met V-riemen 
SNAARSCHIVEN 


met Magic-grip-naven 


FEN 
N 


SL INDETEVES nv 


J. W. BROUWERSPLEIN 20 - AMSTERDAM-Z - POSTBUS 5014 
TELEFOON 793222 


uni 22 3 fa a ET 


SVENSKA DIAMANTBERGBORRNINGS AB 


DRUKKER & Zn. N.V. 


Ringdiik 2 « AMSTERDAM - Phone 50369 - 53068 


DIAMONDS 


en 
ALLE CORRESPONDENTIE 'BETREFFENDE' ADVERTENTIES, ABONNEMENTEN E.D. 
AAN: „GEOLOGIE EN MUINBOUW” HOFWIJCKSTR. 9, DEN HAAG, TEL. 111875 


